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1 Abstract 
Legionella pneumophila is a ubiquitous, aquatic bacterium and a human pathogen that 
can cause infections of the respiratory system, if inhaled with aerosols. Wet cooling 
tower systems are among the most common sources of infection. L. pneumophila can 
occur in a viable but non culturable state (VBNC) in which it can also persist in 
biofilms. L. pneumophila is able to proliferate as an intracellular parasite within 
amoebal or mammalian host cells. Within amoebal cells or cysts, L. pneumophila can 
outlast unfavourable conditions and is dispersed within the environment. This study 
examined the seasonal development of L. pneumophila including chemical parameters 
along with microbiological parameters such as total bacterial numbers, bacterial 
secondary production, heterotrophic plate counts and amoebae. The cooling tower 
systems of two Austrian hospitals were target of this examination. As the standard 
detection method for L. pneumophila (cultivation via ISO1173:1998) is unable to detect 
L. pneumophila in the VBNC state, fluorescence in situ hybridization (CARD-FISH) 
was used along with cultivation for the quantification of L. pneumophila. The aim of 
this work was to compare the two detection methods for L. pneumophila and to 
analyse the results in order to predict potential Legionella proliferation. The results 
showed that both systems contained L. pneumophila. In one cooling tower system 
cultivation was unable to detect Legionella species, while an average of 2.29 × 105 cells 
L-1 of Legionella was enumerated with CARD-FISH. In the other cooling tower system, 
cultivation only detected 1.62% of the Legionella species quantified by CARD-FISH. In 
addition, significant correlations were found between Legionella species abundance 
and other bacterial parameters, indicating that Legionella species react like the 
majority of the bacterial population to changes in the environment. Moreover, 
significantly higher abundances of L. pneumophila were found in the presence of free 
living amoeba. As amoebal human pathogens like Acanthamoeba castellanii and 
Hartmannella vermiformis could be isolated, the study implied that additional 
disinfection measures, affecting protozoa in particular, should be considered.  
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2 Introduction 
 
2.1 Introduction to In Situ Hybridisation 
2.1.1 FISH 
 
Hitherto, various cultivation methods have been used in order to detect and quantify 
prokaryotes. For Legionella pneumophila and Legionella species the gold standard for 
detection and quantification in water samples is the cultivation procedure described 
in ISO11731:1998. However, it is generally known, that the bulk of prokaryotes is not 
culturable (Schleifer, 2004), let alone selectively culturable from environmental 
samples. In addition the concept of viable but nonculturable cells was introduced in 
1991 (Byrd et al., 1991). Oliver et al. (1993) explain, that a viable but nonculturable 
bacterium is “a cell which is metabolically active, while being incapable of undergoing the 
cellular division required for growth in or on a medium normally supporting growth of that 
cell”. 
Even Legionella species, which basically prove to be culturable on selective agar, are 
known to exist in viable but non-culturable states as many other prokaryotes (Roszak 
and Colwell, 1987). While Steinert et al (1997) showed, that “In low nutrient 
environments L. pneumophila is able to enter a nonreplicative viable but non culturable 
(VBNC) state”, Alleron et al (2008) stated that “L. pneumophila could persist for long 
periods in biofilms into the viable but nonculturable (VBNC) state”. Beside the difficulties 
of the VBNC state, the accuracy of quantification for cultivation is limited. 
Cultivation results are given in colony forming units per 100 ml. As not every cell 
will form a colony, due to unculturability or mere limits in homogenous cell 
dispersal, the actual cell number in 100 ml can only be estimated.  
Moreover, the cultivation and detection of Legionella spp. on agar plates is frequently 
impeded by the presence of accompanying microbial flora, like other bacteria and 
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fungi. If so Legionella spp. are either not competitive enough to form colonies or 
simply cannot be detected as they are overgrown by fungi. This phenomenon may 
lead to false negative results. Generally speaking, test results for cultivation showed, 
that L. pneumophila and Legionella species do not form colonies on agar plates, if plates 
are overgrown with fungi. In addition, a great abundance of accompanying flora 
could usually be detected with heterotrophic plate counts in these cases. So the 
hypothesis was proposed, that L. pneumophila are generally not competitive within 
the system, if accompanying flora is very abundant. Using molecular methods this 
hypothesis was among others to be tested by this study. 
 
Fluorescence in situ hybridisation provides a new approach to detect and quantify 
cells. The principle behind the method is simple involving the four steps 
Permeabilisation-Hybridisation-Washing-Detection. A fluorescent dye is bound to a 
short oligonucleotide sequence, a so-called probe which is channelled through the 
cell membrane and attaches specifically to a stretch of the cell’s DNA or RNA. If the 
cell is hybridized with the fluorescently labelled probe it can be seen under the 
microscope (Daims et al., 2005). 
The application of the method is however extremely challenging and implies an 
enormous amount of background information. Since, DNA and RNA sequences as 
well as phylogenetic relationships have to be known first before designing specific 
probes. The headstone was set in the 1986, when the rRNA approach was developed 
(Olsen et al., 1986). Since then, a multitude of RNA molecules were discovered, 
sequenced, phylogenetically analysed and collected in openly accessible databases1, 
paving the way for the molecular examination of microbial organisms in the 
environment.  
 
                                                 
1, SILVA (Pruesse et al., 2007), NCBI, RDP-II, Greengenes, probeBase (Loy et al. 2003), ProbeCheck 
(Loy et al.2008) 
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The reason why the single stranded ribosomal RNA is one of the principal 
phylogenetic chronometers in biology (Alcamo`s Fundamentals of Microbiology, 
page 284ff) is that it is found in all living organisms and fulfils a homologous 
function. Most importantly however, rRNA is stable and mutates slowly, allowing 
the sequence to be divided into more conserved and more variable parts. By 
comparing the RNA of organisms it can be deducted that the fluctuating parts are 
“new” and conserved parts are “old”. Hence, analysing the rRNA reveals 
phylogenetic relationships between organisms, the degree of the variability implying 
the taxonomic depth. Probes can be designed to align with conservative or more 
variable sequences and so range from detecting species to detecting phyla. In 
prokaryotes the 16S rRNA in particular is the main target molecule for phylogenetic 
analysis and subsequently for FISH as it possesses a manageable amount of 1541 
nucleotides (in E. coli; Gutell 1994).  
 
So, FISH enables detection and quantification of species in environmental samples 
directly, which is an immense improvement on quantification accuracy and 
environmental insight. But FISH comes along with several biases, limiting the 
applicability of the method. Firstly, the detection limit of 103-104 (Daims et al., 2005) 
cells per ml is rather high. Secondly, the cell membrane of all microorganisms is not 
equally permeable for probes. The permeabilisation step aims at permeabilizing most 
cell membranes without ruining the cell. Thirdly, the amount of rRNA is dependent 
on the amount of ribosomes within a cell, which however is closely linked to the 
degree of activity of the organism. So if the bacteria are not very active they need 
fewer ribosomes, which means there is less target rRNA and obviously less signal. A 
minimum of 1000 ribosomes (Alexander Loy and Michael Wagner, personal 
communication) are necessary per cell for detection. For apparent reasons, 
environmental samples, which absorb fluorescent oligonucleotides or which contain 
autofluorescent organisms as cyanobacteria, which emit in the same emission range 
as the probe are not suitable for FISH. 
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In addition, the RNA is not equally well accessible throughout its sequence, due to its 
secondary and tertiary structure. In fact, rRNA accessibility is the main problem for 
hybridisation, once the hurdles of permeabilisation and ribosome content are 
overcome. A consensus accessibility map, as shown in Figure 1 was designed by 
Behrens et al. in 2003 and is useful for probe design. Nonetheless there is no 
guarantee that the accessibility conditions given by the consensus map will be similar 
or the same for a different organism. 
 
Figure 1: Consensus Accessibility Map for FISH probe accessibility, combining information from E. 
coli, (Gammaproteobacteria, Bacteria), Pirellula sp. strain 1(Planctomycetes, Bacteria) and Metallosphaera 
sedula (Crenarchaeota, Archaea); the colours show different signal intensities; where red is the highest 
fluorescence intensity and black the lowest. Designed by and figure taken from Behrens et al., 2003 
 
There are different possibilities to tackle these difficulties, some of them being cell 
enrichment steps, different fixation protocols, ribosome enrichment steps and the use 
of helper-probes. 
During hybridisation, stringency conditions determine how well the probe will align 
with the target RNA. It is important to note that low stringency conditions will 
encourage probe RNA binding, its side effect being increased mismatch-binding. 
High stringency conditions on the contrary will reduce probe binding altogether, 
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decreasing unspecific binding though. Formamide, temperature and NaCl are the 
main factors for hybridisation stringency. Na+ is necessary to neutralize the 
electronegative backbone of the nucleotide sequences, so they do not repel each 
other. On the other hand, only matching sequences will be able to bind in spite of the 
electrostatic repulsion, so low NaCl concentrations decrease the likelihood of 
mismatch binding. Formamide destabilizes hydrogen bonds within the structure. If 
formamide concentrations are high, only matching complementary nucleotides will 
be able to bond strong enough to attach the probe to the sequence. The reaction 
kinetics is influenced by temperature, which has an equivalent effect on the overall 
stringency as formamide. An increase of 0.5°C corresponds to an increase of 
formamide by 1% (Daims et al., 2005). An increase in hybridisation time can have 
positive effects on signal brightness (Yilmaz et al., 2006). Sodium chloride 
concentrations are calculated using the formula: 
[Na+] = (-0.5 [% FAHyb] - 0.76) × 16.61-1 
where [% FAHyb] equals the concentration of formamide in percent used in the 
hybridisation buffer (Daims et al., 2005). The perfect hybridisation stringency is a 
compromise between these factors and is given when at least 50% of probe 
(Alexander Loy and Michael Wagner, personal communication; Daims et al., 2005) is 
bound to the target organism with a minimum of mismatch binding to non-target 
organisms. The ideal stringency conditions have to be tested for each probe and 
target organism. 
 
Although the probes for Legionella spp. and L. pneumophila have been designed and 
tested (Grimm et al. 1998; Manz et al., 1995), all the previous difficulties occurred 
when applying the method. The methodical part of my thesis therefore lists the 
experiments set up to cope with each one of the factors.  
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2.1.2 CARD-FISH 
 
CARD-FISH (catalyzed reporter deposition fluorescence in situ hybridization) is a 
modification of regular FISH involving a hybridisation step followed by 
fluorescently labelled tyramid signal amplification. Ever since CARD (Bobrow et al., 
1989) was developed it has constantly been improved (Pernthaler et al., 2002; Teira et 
al., 2004) and shows particularly good results when dealing with cells with low 
ribosomal content or general low signal intensities due to other reasons like 
fluorescent background noise.  
In contrast to FISH-probes, the probes are not fluorescently labelled but bound to the 
enzyme horseradish-peroxidase (HRP). The HRP labelled probe is hybridized to the 
nucleic acid and fluorescently labelled tyramides are added subsequently. “The horse 
radish peroxidase catalyzes the tyramides to highly reactive tyramides, probably via the 
formation of free radicals “(Pernthaler et al., 2002). Tyramides are phenolic compounds 
and they bond to proteins within the cell. Figure 2 shows the chemical reaction 
between the fluorescently labelled tyramide and the membrane protein. 
 
 
 
Figure 2: Coupling of Alexa 488- tyramide to protein; the tyrosine side chains of the proteins are 
bonded to the tyramides via a peroxidase catalyzed reaction. Reaction after: www.invitrogen.com, 
2011, Life Technologies Corporation  
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So, as opposed to FISH, not the RNA is fluorescently labelled, but the membrane 
proteins close to the horseradish-peroxidase-probe. Since cells contain a high number 
of proteins and one enzyme can radicalize a multitude of fluorescently labelled 
tyramides, the signal intensity during CARD-FISH is increased to a large extent. In 
fact, experiments with E. coli, comparing the net content of 16S rRNA per cell 
necessary to detect signals for FISH and CARD-FISH, showed that CARD-FISH is 26 
to 42 times more sensitive than FISH (Hoshino et al, 2008). 
For apparent reasons CARD-FISH is preferable to FISH, however there again are 
some disadvantages which prohibit the general applicability of this method. Firstly, 
special permeabilization steps are needed in order to enable the intrusion into the cell 
as the HRP-probe is much larger than the fluorescently labelled probe. Secondly, 
fixation protocols need to be adapted preventing cell loss or cell rupture (Pernthaler 
et al., 2002). 
In addition, the size of the probe does have negative effects on nucleotide 
accessibility. Obviously, large molecules have more difficulty aligning with nucleic 
acids than small and more flexible probes. Accessibility maps for FISH do not 
necessarily apply for CARD-FISH and until now no consensus accessibility map for 
CARD-FISH exists. Hence, designing new probes is more risky and using FISH 
probe-sequences for CARD-FISH is no guarantee for successful hybridization. 
However, helper probes can make the difference (Fuchs et al., 2000). 
Another main disadvantage is that only one probe can be applied at once during 
hybridization. FISH on the contrary allows multiple probes, with different 
fluorescent dyes to be hybridized simultaneously. So, one cell can be labelled with a 
species–specific probe, a family-specific probe and a phyla-specific probe at the same 
time. The major advantage of the multiple-probe concept is that coincidental binding 
to unknown non-target organisms can be widely excluded. CARD-FISH does not 
offer this security. 
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2.2 Introduction to Legionella pneumophila  
2.2.1 Ecology and Interaction with Amoeba 
 
Legionella spp. is an obligatory aerobic gram-negative bacterium belonging to the 
phylum of Proteobacteria (Gammaproteobacteria), the order of Legionellales, Genus 
Legionella within the Family of Legionellacae.  
Legionella species are ubiquitous flagellated bacteria populating aquatic systems and 
occur in natural as well as artificial habitats, like technical systems (Fliermans et al., 
1981). They can be found under various environmental conditions, however don’t 
seem to inhabit acidic environments (Yammamoto et al., 1992.). Legionella species 
prove to flourish at temperatures between 30 to 40 °C (Katz et al, 1987) but can also 
be found at temperatures ranging from 6 - 60°C (Fliermans et al. 1981). Nonetheless 
free living Legionella cannot tolerate temperatures above 60°C and diminish quickly.  
Legionella spp. use amino acids as energy source and are unable to oxidize and 
ferment carbohydrates (George et al., 1980).  
Many amino acids cannot be produced by Legionella like L-cysteine, arginine, 
isoleucine, leucine, threonine, valine, methionine, phenylalanine, tyrosine and serine 
(George et al., 1980). This indicates the possibility of an endoparasitic life form 
(Taylor et al., 2009). If cultivation media are supplemented with amino acids, 
Legionella can also be cultivated, showing that they are not an obligatory 
endoparasite. In addition, Legionella species are also able to live from nectrophic 
feeding (Temmerman et al., 2006). This means that Legionella can live on dead cells or 
products from these organisms. Being so versatile, Legionella can occur as free living 
bacteria, associated in biofilms (Declerck et al., 2007), or live facultative 
intracellularly. Steinert et al. (1997) proved that Legionella can also enter a viable but 
non culturable state (VBNC) under low nutrient conditions. In this state they can also 
persist for long periods in biofilms (Alleron et al., 2008).  
Even though Legionella can live and thrive in biofilms or live as free organism, 
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amoebae are to date considered to be “the key factor in the Legionella amplification 
process” (Steinert et al., 1997). 
Legionella invade and can proliferate within phagocytic cells as visualized in 
microscopic pictures of Steinert et al. (1997). The range of hosts in which Legionella 
can survive and reproduce is considerably large and includes apart from ciliates and 
free living amoebae also mammalian macrophages, monocytes and epithelial cells 
(Horwitz 1983). The free living amoebae Acanthamoeba, Hartmannella and Naegleria 
are generally isolated most frequently in association with Legionella from technical 
water systems and Acanthamoeba were found to be naturally infected by L. 
pneumophila (Declerck et al., 2007). Free living amoebae are unicellular eukaryotic 
organisms which use phagocytosis for particle uptake. As amoebae are a 
paraphyletic group, Box 1 lists the amoebal taxa relevant in this study.  
It is vital to mention, that Legionella can also outlast unfavourable environmental 
conditions in amoebal cysts (Taylor et al., 2009). Living within a host cell, a cyst or a 
biofilm (Declerck et al., 2005) offers numerous advantages to the individual 
bacterium. It can act as a vehicle, prohibits dehydration, prevents immediate contact 
with biocides and shields the bacteria off from osmotic fluxes as well as 
disadvantageous temperatures and pH levels. Apart from seeking protection from 
withering and exploiting stable environmental conditions, living within a host 
enables Legionella to reproduce massively (Fields et al., 1996). Steinert et al. (1997) 
could further show that L. pneumophila were resuscitated from the VBNC state if 
combined with Acanthamoeba castellanii and even maintained the same virulence 
capacity in guinea pigs.  
Furthermore, it is important to note, that Legionella which replicated within free 
living amoeba can show higher tolerance levels against physical and chemical 
parameters as well as a higher resistance against biocides (Barker et al 1992). Chang 
et al. (2009) demonstrated that Hartmannella vermiformis living in chlorinated waters 
released Legionella which were resistant to chlorine. Interestingly, the survival of 
Legionella within amoeba proved to be dependent on surrounding temperatures. As 
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amoeba basically feed on bacteria, also Legionella are being digested at lower 
temperatures. Ohno et al. (2008) showed that Legionella species are capable of 
surviving within amoeba above 25°C and that Legionella pneumophila reproduce 
successfully at temperatures above 35°C.  
o Amoebozoa  
 Tubulinea (Hartmannella vermiformis, Echinamoeba) 
 Flabellinea  
 Stereomyxida  
 Acanthamoebidae (Acanthamoeba castellanii) 
 Entamoebida  
 Mastigamoebida  
 Pelomyxa  
  Eumycetozoa (slime moulds like Dictyostelium discoideum, 
Mycetozoa ) 
o Opisthokonta  
 Fungi 
 Mesomycetozoa  
 Choanomonada  
 Metazoa  
o Rhizaria  
 Cercozoa  
 Haplosporidia  
 Foraminifera  
 Gromia  
 Radiolaria  
o Archaeplastida  
 Glaucophyta  
 Rhodophyceae  
 Chloroplastida 
o Chromalveolata  
 Cryptophyceae  
 Haptophyta  
 Stramenopiles  
 Alveolata  
o Excavata  
 Fornicata  
 Malawimonas  
 Parabasalia  
 Praexostyla  
 Jakobida  
 Heterolobosea (Vahlkamphiidae: Vahlkampfia and 
Naegleria) 
 Euglenozoa  
Box 1: Taxonomic List of Amoebae; amoebae are a paraphyletic group, which show many similarities 
morphologically, but belong to different taxonomic groups. The taxa relevant in this study are 
highlighted in bold letters. List taken from: http://de.wikipedia.org/wiki/Systematik_der_Eukaryoten) 
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2.2.2 Host Invasion 
 
The invasion of L. pneumophila into host cells has been studied for mammalian and 
protozoan cells. The mechanisms show many similarities and seem identical under 
the microscope at first sight. In 1980 Horwitz outlined the general pathway of L. 
pneumophila in human phagocytic cells, like alveolar macrophages, while 
Rowbotham, 1980, firstly characterized the Legionella lifecycle within amoebal cells. 
(Fields et al., 2002/ Nash et al., 1984). L. pneumophila can enter amoebal host cells via 
conventional phagocytosis and by coiling phagocytosis. Another mechanism to enter 
host cells was observed with Hartmannella. L. pneumophila quickly enters the cells 
without a phagocytic process after attaching to structures on the host cell’s surface. 
In humans Legionella enters cells as well by phagocytosis (Horwitz, 1980). It is 
interesting to note, that “during the course of human infection [...] metabolic activities, 
which are reduced in dormant bacteria, do not seem to be required for invasion” (Steinert et 
al., 1997). 
Once the bacterium has made its way into the host cell it is closed up in a 
phagosome, which does neither acidify nor fuse with lysosomes. Fusion is prevented 
by a specific secretion system of L. pneumophila (Weissenberger et al., 2007). 
Subsequently the phagosome is surrounded by endoplasmic reticulum and a pool of 
ribosomes. L. pneumophila begin to multiply within the phagosome until they lyse 
first the phagosome and then the host cell for final escape (Horwitz, 1980). Figure 3 
gives a general overview of the endoparasitic life cycle of Legionella. 
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Coiling phagocytosis
Legionella within a 
phagosome
Phagosome surrounded by 
endoplasmic reticulum 
structure, studded with 
ribosomes
Legionella reproduction within
phagosome
Phagosome does not fuse 
with lysosomes
Phagosome rupture, releasing 
Legionella into cytoplasma
Escape of bacteria by host cell 
lysis
 
Figure 3: Invasion of Amoeba by phagocytosis; A flagellated L. pneumophila invades the host and 
stays within a phagosome. Inside, it reproduces until nutrient levels become too low. The bacterium 
turns into a flagellated stadium to escape. 
 
 
2.2.3 Virulence  
 
As mentioned before, replication within a host cell, in particular within amoebal cells 
has a striking effect on L. pneumophila virulence. Rowbotham et al. (1980) postulated 
that, not individual bacteria account for human infections but amoeba containing 
Legionella or their vessels filled with Legionella which are released by amoeba before 
encystation. This assumption was verified in the following years and to date 
replication within amoebal cells in particular within Acanthamoeba and Hartmannella 
is regarded as a main requirement for Legionella infections (Kwaik et al., 1998).  
Cirillo et al. (1994) could demonstrate in cocultivation studies with Acanthamoeba 
castellanii that L. pneumophila, which reproduced within these host cells, exhibited an 
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increased invasiveness for mammalian macrophages and epithelium cells. So, biocide 
tolerance (Barker et al 1992), antibiotics resistance (Barker et al. 1995), increased 
temperature durability and more invasive phenotypes (Cirillo et al 1994) altogether 
enhance Legionella virulence. Furthermore, it was discovered that the proteins of 
Legionella bear great resemblance with eukaryotic proteins, indicating a long 
coevolution with freshwater protozoa (Brüggemann et al. 2006). 
 
 
2.2.4 Role as a human pathogen 
 
Currently, 50 Legionella species2 are known and 17 of these species are documented as 
pathogens. The most prominent representative of the genus is L. pneumophila as it is 
associated with most of the Legionella infections in humans (Buchbinder et al, 2004). 
L. pneumophila is further divided into 16 serogroups of which serogroup 1 is the most 
virulent strain and the prime human pathogen. Legionella are named after an 
epidemic incidence that occurred at a congress of the American Legion in a hotel in 
1976. 180 from 4400 former soldiers were infected, from which 29 died. The 
bacterium could be isolated for the first time half a year later from the lung 
epithelium of one of the deceased legionnaires (McDade et al., 1977). Since then, 
Legionella showed to mainly affect the respiratory tracts, apart from randomly 
causing wound infections, endocarditis and pyelitis. The most severe illness of the 
respiratory system is legionnaire’s disease which involves pneumonia and is lethal in 
7-24% of the cases, depending of the health status of the patient (Fliermans et al., 
1996). Less grave diseases are Pontiac fever which does not include pneumonia and 
unspecific lung infections (Buchbinder et al., 2004). In general all infections are 
summarized under the term legionellosis and have to be reported to health 
authorities.  
                                                 
2
 http://www.ncbi.nlm.nih.gov/ Taxonomy Browser 
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Origins of Infection  
The most common route of infection is via inhaling aerosols which contain the 
bacteria. At the American legion congress in 1976, the hotel’s air conditioning system 
was targeted to be the source of infection. Even though Legionella are ubiquitous, 
natural aquatic systems as rivers and lakes do not seem to be of relevance as 
potential sources of infection. On the contrary, technical facilities which involve the 
dispersal of aerosols all demonstrate a potential risk for public health. The reason for 
this seems to be that L. pneumophila are competitive in technical systems which often 
offer ideal growth temperatures. Its ability to build biofilms along pipes and the fact 
that amoeba as well can survive under these conditions provide a good base for a 
stable population. Stagnating waters additionally showed to trigger Legionella 
abundances. By means of chemical disinfection, heating, and turbulent water flow, 
facility operators strive to minimize microbial populations. Nevertheless, stagnation 
cannot fully be excluded, heating water above 60°C is neither possible in all systems 
and microbes have their own ways of arming against disinfection methods. Sources 
of infection, which are encountered in everyday life, include air conditioning 
systems, showers, whirlpools, spas and public pools. Other than these familiar 
facilities, L. pneumophila proliferate in waters used for industrial processes and 
technical cooling facilities like cooling towers. For epidemiological reasons all 
detected legionellosis cases have to be reported to assigned health authorities which - 
apart from collecting the data - attempt to locate the site of origin.  
The European Working group for Legionella Infections (EWGLI) is entrusted to collect 
all data on Legionella infections in Europe. All European health authorities are 
requested to forward their collected data to EWGLI. Table 1 lists the diagnosed and 
reported legionellosis infections from 2007 - 2008 by country (Joseph & Ricketts, 
2010). 
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Table 1: Number of reported cases of Legionnaires disease per country in 2007 - 2008; data taken 
from Joseph & Ricketts, 2010 
Reported cases  
Austria 205 
Belgium 283 
Denmark 261 
France 2662 
Germany 1051 
Italy 2048 
Netherlands 658 
Spain 2317 
Sweden 285 
UK 879 
 
In Austria, the national reference centre for Legionella infections (NRLI) of the AGES 
(Austrian Agency for Health and Nutrition Safety) Institute for Medical 
Microbiology and Hygiene collects all data on Austrian Legionella infections and 
examines suspected infection sites by comparing bacterial isolates from patients to 
taken water samples. Further tasks of NRLI include typing L. pneumophila strains 
from patient isolates and improving clinical diagnostic methods. Table 2 shows the 
sources of infection for all diagnosed cases in Austria from 1996 – 2008. Cases are 
separated in nosocomial (hospital acquired), travel associated and community 
acquired infections. In 324 from a total of 687 cases the infection origin could not be 
detected. The high percentage (47%) of cases with unidentified sources indicates the 
substantial difficulty of tracking the pathogen in its environment. Focusing on 
community acquired infections, cooling towers, which will be of main interest in this 
study, account for 23% of all community acquired Legionellosis infections. In Murcia, 
Spain, in 2001 a cooling tower system from a hospital was responsible for the largest 
outbreak (Garcia-Fulgueiras et al., 2003) of Legionnaires disease documented so far, 
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with 449 diagnosed cases. An incident in Ulm, Germany, confirms the relevance of 
open cooling towers for public health. From February to March 2010 an open cooling 
tower system of a not-producing company caused 5 deaths and 64 infections 
(Augsburger Allgemeine Zeitung, 11th of January 2010). 
 
Table 2: Sources of Infection for all reported legionellosis cases in Austria from 1996 – 2008. Table 
taken from annual NRLI report of 2008 
Source of Infection Reported 
cases 
%  
Nosocomial 96 19.9  
After organ transplant 7   
Travel associated 210 30.6  
Foreign travel 157   
Travel within Austria 53   
Community acquired 381 55.5  
Definitely community acquired 57 15  
Home 8   
Old peoples home 3   
Work place 6   
Public pool 12   
Jail 4   
Whirlpool/ Spa 9   
Cooling Towers 13   
Car wash station 1   
Plant soil 1   
Probably community acquired 324 85  
TOTAL 687   
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2.3 Description of open cooling towers  
 
Cooling towers are technical devices which remove produced heat from machinery 
during technical processes. The principle of the cooling device is to cool machinery 
by simultaneously accepting waste heat. The physical principle which underlies this 
process is called heat transfer via counter flow. 
Cooling towers exist in various sizes depending on the refrigerating capacity needed. 
In hospitals, food production companies and large office buildings cooling towers 
are used to cool the air conditioning system and generators and cooling tanks are 
installed on top of the roof. In power plants and oil refineries for example cooling 
towers are large separate buildings. As cooling systems are indispensable for utility 
management, cooling towers are omnipresent. 
There are three types of cooling towers of which only wet cooling towers are of 
relevance for Legionella dispersal. Wet cooling systems use water as working fluid to 
accept waste heat, the working fluid itself is then cooled by evaporation on the roof. 
Only wet cooling towers expose their working fluid to the environment. If pathogens 
thrive and prosper in the working fluid, evaporated aerosols with contaminants can 
be carried depending on weather conditions up to > 3 km. (Addiss et al., 1989). 
Figure 4 gives a basic overview of contaminated aerosol dispersal by wind into the 
environment from a wet cooling tower.  
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Figure 4: Aerosol Dispersal from Cooling Tank; with Legionella species or amoebae contaminated 
aerosols are dispersed by wind into the environment and inhaled by humans. Aerosols are generated 
by evaporation of the open cooling tank on the roof. Pipes with cool water lead from the water tanks 
on the roof to the machinery for heat exchange. From there, pipes with warmed water lead back to the 
water tanks for heat dissipation. 
 
 
 
2.4 Study Objectives 
 
The gold standard for Legionella detection and quantification via cultivation is unable 
to detect viable but non culturable L. pneumophila cells and so can lead to false 
negative results. However, cultivation protocol ISO1173:1998 is the basis for official 
Legionella detection. In order to have a supplementary reliable detection method 
along with conventional cultivation, my aim was to adapt current in situ fluorescence 
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techniques (FISH and CARD-FISH) for L. pneumophila detection for cooling tower 
waters. As FISH did not yield assertive results, CARD-FISH became the adequate 
substitute. 
Once this method was established, the main focus of this study lied on the 
investigation of the seasonal development of L. pneumophila in two cooling tower 
systems from two hospitals. As mentioned above, Legionella affects ill, aged and 
immunosuppressed people more than the healthy and illnesses tend to take a more 
severe course. It is obvious that hospitals mainly house this part of the population so 
these cooling towers are of particular importance to public health. 
 
Along with L. pneumophila a variety of microbiological parameters as well as 
temperature, pH, disinfection measures and amoebal fauna were considered. These 
factors are known to play a vital role in the Legionella ecology and analysing their 
seasonal development might provide the necessary insight in order to analyse, 
explain and maybe even predict Legionella proliferation. 
 
As the hospitals used different disinfection regimes and one hospital planned on 
substituting the disinfectant with the more economical procedure of phosphorous 
reduction, Legionella ecology could be analysed under different disinfection 
conditions. 
 
Even though it would have been very interesting the study does not include tests for 
biofilm, bacteriophages, heterotrophic nanoflagellates or general fingerprinting 
techniques to analyse the bacterial diversity. This is mainly due to financial and - in 
the case of biofilm - technical limits. 
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2.4.1 Study Questions 
 
• Is the gold standard the best detection and enumeration method? 
• Will the molecular methods show more accurate results for the Legionella 
population than the cultivation method? 
• Can Legionella spp. and L. pneumophila be found in these hospital cooling 
towers? 
• Are the Legionella species active forms? 
• Does disinfection fully control Legionella prevalence? 
• Is there a connection between Legionella species abundance and L. pneumophila 
abundance? 
• Do high bacterial abundances or other microorganisms as fungi suppress L. 
pneumophila and Legionella spp. growth?  
• Can amoeba, in particular Acanthamoeba and Hartmannella be found in these 
cooling towers? 
• Is there a correlation between the occurrence of amoeba or the variety of 
amoeba and Legionella abundance showing the close life cycles? 
• Are there hot spots for Legionella spp. in this cooling system due to a lack of 
turbulence, maybe in dead ends or stagnating pipes or in the hot tracks? 
• Can any of the other measured parameters like chemical parameters explain 
Legionella occurrence and abundance? 
• Can a general theory be deduced from the situations presented in both 
environments? 
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3 Method development 
 
3.1 Materials & Methods 
3.1.1 List of Species 
Box 2 lists bacterial species used in this study. 
 
Legionella pneumophila3 
L. pneumophila serogroup 1  
Legionella species 4 
L. longbeachae  
L. bozemannii 
L. micdadei  
L. dumoffii,  
L. sainthelensi  
L. feelii 
Vibrio cholerae 5 
Box 2: Species list used in this study 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                 
3 From Prof. Regina Sommer, Medical University of Vienna 
4 Donation of Institute for Medical Microbiology and Hygiene, AGES Vienna 
5 From Sonja Schauer, Medical University of Vienna 
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3.1.2 List of Probes 
Box 3 lists all nucleotide probes for In Situ Hybridisation used in this study. 
 
Fluorescently labelled 
 
LEGPNE1                 (5'- ATC TGA CCG TCC CAG GTT -3' with 6FAM on 5´)6  
LEG705                     (5'- CTG GTG TTC CTT CCG ATC -3' with CY3 on 5`)7  
Double-labelled  
LEG705 probe  (CY3-5'- CTG GTG TTC CTT CCG ATC -3'-CY3) 
 
Labelled with HRP 
 
Leg705-hrp   (5´-CTG GTG TTC CTT CCG ATC-3`, HRP on 5`end) 
LegPNE1-hrp  (5´-ATC TGA CCG TCC CAG GTT-3`, HRP on 5`end 
EUB338-mix  (EUB338, EUB338-II, EUB338-III)  
GAM42a-hrp  (HRP5`-GCC TTC CCCA CAT CGT TT-3´) 
 
Unmarked Competitors 
 
Beta-competitor (5´-GCC TTC CCA CTT CGT TT-3`) 
LegCompet-2  (5´-ATC TGA CCT GCC CAG GTT-3`) 
 
Helper probes 
HLEG705R 8               (5´-CAGTATTAGGCCAGGTAGCCGCCTTCGCCA-3`) 
HLEG705L9                 (5´-TCTACGCATTTCACCGCTACACCGGAAATT-3`) 
 
 
Box 3: List of probe sequences used in this study 
 
 
 
 
                                                 
6
 Grimm et al., 1998 
7 Manz et al., 1995 
8 Baudart & Lebaron, 2007 
9 Baudart & Lebaron, 2007 
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3.1.3 List of Reagents 
 
 
Cryoculture: 50ml CASO-medium and 10ml glycerine 
 
1 × Phosphate-buffered saline (PBS): 40.5 mL of 0.2 M Na2HPO4, 9.5 mL of 0.2 M 
NaH2PO4, pH 7.4 
 
4% Paraformaldehyde (PFA): 100g of paraformaldehyde, 50 drops of 1N NaOH, 
250ml of 1 × PBS, 2250ml double-distilled water, pH 7.2 
 
Acridine orange solution: 0.3 g acridine orange, 100 ml ddH2O, 3 ml of 37 % 
formaldehyde 
 
DAPI-mix: 5.5 parts Citifluor (Citifluor, Ltd., Leicaster, UK), 1part of vectashield 
(Vector Laboratories, Inc., Peterborough, UK), 0.5 parts PBS with DAPI at a final 
concentration of 1 g ml-1 
 
FISH 
 
PNE1 
Hybridisationbuffer:180 µl of 5 M NaCl, 20 µl of 1 M Tris-HCl, 549 µl of ddH2O, 250 
µl of formamide and 1 µl of 10 % SDS 
 
Washing buffer: 1.49 ml of 5M NaCl, 1 ml of 1 M Tris-HCl, 0.5 ml of 0.5 M EDTA, fill 
up to 50 ml with ddH2O 
 
705 
Hybridisation buffer: 180 µl of 5 M NaCl, 20 µl of 1 M Tris-HCl, 599 µl of ddH2O, 200 
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µl of formamide and 1 µl of 10 % SDS 
 
Washing buffer: 2.15 ml of 5 M NaCl, 1 ml of 1 M Tris-HCl, 0.5 ml of 0.5 M EDTA 
filled to a volume of 50 ml with ddH2O 
 
CARD-FISH 
 
Permeabilisation-mix: 100 mg Lysozyme (SIGMA), 1 ml of 1 M Tris-HCl, 1 ml of 0.5 
M EDTA and 8 ml of ddH2O) 
 
PBS-mix: 25 µl of Triton X100 filled to 50 ml with 1 × PBS 
 
Hybridisation-buffer: 1 g Dextran sulphate, 1.8 ml of 5 M NaCl, 20 0µl of 1 M Tris-
HCl, 5 µl of 100 % Triton X100, 5.5 ml of formamide, 1 ml of 10 % blocking reagent, 
1.5 ml of sigma water 
 
Washing buffer: 30 µl of 5 M NaCl, 1 ml of 1 M Tris-HCl, 500 µl of 0.5 M EDTA, 50 µl 
of 10 % SDS filled up to 50 ml with ddH2O 
 
 
Amplification buffer: 4 g Dextran sulphate, 16 ml 5 M NaCl, 400 µl of blocking 
Reagent 10 %, 23.6 ml of1 × PBS 
 
Substrate mix: 493 µl amplification buffer, 5 µl of diluted H2O2 and 5 ml of Alexa488-
tyramide 
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3.1.4 Legionella Culture 
 
Legionella species were grown on charcoal yeast agar at 37 °C under moist conditions 
for 2 to 10 days. Legionella species were either taken from cryocultures (50 ml CASO-
medium and 10 ml glycerine), CryoBeads, or transferred from existing Legionella 
colonies on charcoal yeast agar plates onto new agar plates. Legionella species were as 
well cultured in selective liquid medium following protocol 3 by Saito et al, 1981. 
Legionella species and L. pneumophila were verified by Sonja Knetsch (Medical 
University Vienna). Vibrio cholerae was grown on TCBS-agar plates at 37 °C for 24 
hours.  
All samples used during the following FISH or CARD-FISH tests consisted of two 
replicates. Replicates were quantified and the average of the two corresponding 
replicates used for further calculation and diagrams.  
 
3.1.5 Total Bacterial Numbers (t. BN)  
To quantify the total bacterial number in a cell suspension a black polycarbonate 
membrane filter (Ø 25 mm, pore size 0.2 µm, Whatman, Dassel, Germany) is 
mounted on a filtration unit. 1 ml of suspension is dispersed onto the filter and one 
drop of acridine orange dye is added and left to stain up to 5 minutes in the dark. 
Stained cells are filtered onto the filter, dried in the dark and mounted in a drop of 
paraffin oil on a glass slide for microscopy. Cells were counted within a grid in 
randomly selected microscopic fields and numbers extrapolated to cells L-1. 
 
3.2 Establishment of FISH for L. pneumophila  
3.2.1 Fixation 
 
The first step was a comparison between different fixation protocols.  
A pure culture of L. pneumophila as well as Legionella spp. was grown on charcoal 
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yeast agar. A loop of pure culture was suspended in 1 × PBS with a spatula and 
diluted 1:10 to three concentrations. 1 ml of each of the six solutions was stained by 
acridine orange for comparison of bacterial numbers. 
1ml of each dilution was fixed after fixation protocol 1 – 8 respectively. 
 
Protocol 1: Filter 1h in 4 %PFA at room temperature 
Protocol 2: Filter 1h in 1 % PFA at room temperature 
Protocol 3: Cell-suspension 12 h in 1 % PFA at 4 °C (Wilhartitz et al., 2007) 
Protocol 4: Cell-suspension 1 h in 1 % PFA at room temperature 
Protocol 5: Filter 1h in 4 % PFA at RT + EtOH dehydration series (Declerck & 
Ollevier, 2006)  
Protocol 6: Filter 1 h in 1 % PFA at RT + EtOH dehydration series 
Protocol 7: Cell-suspension 12 h in 1 % PFA at 4 °C + EtOH dehydration series 
Protocol 8: Cell-suspension 1 h in 1 % PFA at RT + EtOH dehydration series 
 
In those cases where samples were fixed on filter, 1 ml of each cell suspension was 
filtered onto white polycarbonate membrane filters (Ø 25 mm, pore size 0.2 µm, 
Whatman). The filters were transferred into Petri dishes and fully submersed into 
cold paraformaldehyde (PFA). In protocol 3, 4, 7 and 8 cells were incubated with PFA 
in suspension before filtering 1 ml. Filters were washed with 1 × PBS and dried. 
Fixation protocols 5-8 consisted of the fixation protocols 1-4 and were succeeded by 
an ethanol dehydration series. After drying, filters were placed for 3 minutes 
consecutively into three Petri dishes, containing 50%, 80% and 96% ethanol. Filters 
were dried and could be stored in sterile 1.5 ml Eppendorf tubes at -20°C  
Filters went through FISH, as described in Box 4. 
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Fixation protocol 6 showed the best microscopic result with regard to the 
background fluorescence, and brightness of the signal. Hence, this fixation method 
was used in all following protocols.  
 
3.2.2 Hybridisation 
 
Filters were cut with a scalpel into quarters. One quarter was used for FISH and 
marked with pencil. Filters holding L. pneumophila cells were separated from filters 
with Legionella spp. cells and both piled up into two stacks. The steps that followed 
were primarily conducted in the dark. 
 
FISH for L. pneumophila: 
The 6-FAM fluorescently labelled probe LEGPNE1 (Grimm et al., 1998) was 
diluted to a working concentration of 10 ng µl-1 (Declerck & Ollevier, 2006) and 
frozen in 60 µl aliquots at -20°C. 30 µl of probe (purchased by Thermo Electron) were 
pipetted into a sterile 0.7 ml Eppendorf tube and mixed with 270 µl hybridisation 
buffer (Daims et al., 2005). A stringency of 25 % formamide was chosen for the 
hybridisation buffer following the suggestion by probeBase10 for LEGPNE1. The pile 
of filters with L. pneumophila cells were placed carefully into the hybridisation 
solution. The tube was tightly closed, wrapped in aluminium foil and quickly fixed 
onto a rotating rack of the heated hybridisation oven. Filters were hybridised at 46°C 
for 1.5 – 2 h. After hybridisation, filters were immediately transferred for 10 min into 
a sterile 50 ml tube containing washing buffer at 48°C (Daims et al., 2005).  
 
FISH for Legionella spp.: 
The CY3 fluorescently labelled probe LEG705 (Manz et al., 1995) was diluted 
to a working concentration of 10 ng µl-1 (Declerck & Ollevier, 2006) and frozen in 60 
                                                 
10 www.microbial-ecology.net/probebase 
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µl aliquots at -20°C. 30 µl of probe (purchased by Thermo Electron) were pipetted 
into a sterile 0.7 ml Eppendorf tube and mixed with 270 µl hybridisation buffer 
(Daims et al., 2005). A stringency of 20 % formamide was chosen for the 
hybridisation buffer following the suggestion by probeBase11 for LEG705. The pile of 
filters holding Legionella spp. cells were placed carefully into the hybridisation 
solution. The tube was tightly closed, wrapped in aluminium foil and quickly fixed 
onto the rotating rack of the heated hybridisation oven. Filters were hybridised at 
46°C for 1.5 – 2 h. After hybridisation filters were immediately transferred for 10 min 
into a sterile 50 ml tube containing washing buffer at 48°C. (Daims et al., 2005)  
 
After being cleaned with washing buffer, the filters were shortly dipped into 80 % 
ethanol and left to dry in the dark. Filters were placed on clean glass slides and 
mounted with 30 µl of DAPI-mix for counterstaining. After 10 min of staining, filters 
were topped with cover slides and ready for epifluorescence microscopy or stored at 
-20°C. 
 
 
The tests showed that the signal intensity of the probes is rather weak in comparison 
to the background fluorescence.  
A comparison between DAPI-mix and acridine orange cell counts showed an 
accordance of 98 %. 66 % of Legionella pneumophila cells were hybridised with 
LEGPNE1 and 60 % of Legionella species with LEG705 respectively in comparison to 
acridine orange staining. 
 
3.2.3 Probe concentration 
To make sure that the probe concentration is no limiting factor for signal intensity, 
the probe concentration was increased as recommended by Daims et al., (2005): 
                                                 
11 www.microbial-ecology.net/probebase 
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“probe concentration should be 30ng µl-1 of probes labelled with Cy3 and Cy5 and 50ng µl-1 
of probes labelled with FLUOS”. As 6-Fam has the same emission range as FLUOS (518 
nm), the working concentration of LEGPNE1 was increased to obtain a final probe 
concentration of 50 ng µl-1 in the hybridisation solution. Likewise the working 
concentration of LEG705 was increased to an end concentration of 30 ng µl-1 in the 
hybridisation buffer. Tests were repeated with increased probe concentration 
according to the fixation 6 and the FISH protocol in Box 4.  
 
The results showed no improvement concerning the signal intensity for PNE1. In 
addition, the high background fluorescence seen with Cy3-filter was hardly 
counteracted by the probe signal. Nonetheless, the FISH protocol continued to 
include the increased working concentrations.  
 
 
3.2.4 Hybridisation time 
 
In order to optimize hybridisation conditions for LEGPNE1 the hybridisation time 
was altered. Pure cultures of L. pneumophila were suspended and fixed according to 
protocol 6. The hybridisation though following the hitherto existing FISH Protocol 
included three hybridisation sets. A set of triplicates was hybridised for 2 h, another 
set for 3 h and the third set for 5.5 h.  
 
The test did not show an improvement concerning signal intensity for LEGPNE1. So 
we proceeded with a hybridisation time of 2 h. 
 
3.2.5 Background fluorescence 
 
Control experiments with blank nucleopore polycarbonate (Ø 25 mm, pore size 0.2 
36 
 
µm, Whatman) filters were conducted to assess the degree of background 
fluorescence emitted by the filter. Filters were fixed 1 % PFA, rinsed with 1 × PBS, 
dehydrated by an ethanol series and hybridised with LEG705 (final probe 
concentration of 3 ng µl-1, stringency of 20 % formamide) as well as LEGPNE1 (final 
probe concentration of 5 ng µl-1, stringency of 25 % formamide) for 2 h at 46°C. Filters 
were washed in washing buffers (20 % and 25 % stringency respectively) at 48°C, 
dipped in 80 % EtOH and mounted on glass slides in DAPI-mix. 
 
It could be clearly seen that the filter is the chief culprit for the disturbingly strong 
background signal. 
 
 
3.2.6 FISH on microscopic glass slides 
 
Even though the practicability of hybridising cells from large volumes of water, as 
cooling tower water samples, on Teflon coated multi-well-slides (ERIE Scientific 
Company) is questionable, an experiment was set up with monocultures in order to 
estimate the advantage of filter-free FISH. The protocol was mainly conducted as 
proposed by Daims et al. (2005). 
 
Pure cultures were suspended in 1 × PBS and incubated with 1 % PFA for 1h at room 
temperature. Cell suspensions were diluted and portioned into 1 ml samples. 1 ml 
samples were centrifuged at 15000 g for 5 min. The supernatant was discarded and 
replaced by 1 × PBS. Cells were resuspended and again centrifuged. The washing 
step was repeated twice. Supernatant was discarded and cells resuspended in 50 % 
ethanol. 25 µl of samples containing L. pneumophila were dropped into the Teflon-free 
cavities of the multiwall slides. The same was done with Legionella spp. samples. 
Multi-well-slides were dried and then doused for 3 min each into Petri dishes of an 
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ascending ethanol series. 1 ml of each hybridisation buffer (stringency 20 % and 25 
%) were prepared. 60 µl of each hybridisation buffer was mixed with 6 µl of the 
corresponding probe. 11 µl of the hybridisation solutions were dropped onto the 
cavities of the multi-well-slides containing either L. pneumophila or Legionella spp. 
cells. Multi-well-slides were placed into hybridisation chambers together with straps 
of paper tissue onto which the rest of the hybridisation buffer was poured. The slides 
were hybridized at 46°C for 5 h. Slides were washed in 48°C pre-warmed washing 
buffers (stringency of 20 % and 25 %) for 15 min. Slides were dipped into 80 % 
ethanol, dried and mounted with DAPI-mix.  
 
The background fluorescence was by far smaller than with filters. The intensity of the 
signals is nonetheless insufficient.  
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3.2.7 Stringency and Specificity 
 
 
The formamide stringency of 25 % is the proposed optimal stringency for the probe 
LEGPNE1. To prove this suggestion a stringency test series was conducted with L. 
pneumophila. In addition, L. longbeachae was hybridized with LEGPNE1 at different 
stringencies to detect at which formamide concentration the probe binds unspecific. 
L. pneumophila and L. longbeachae samples were hybridized with formamide 
stringency of 10 % to 45 % in 5 % steps. The hybridisation and washing buffers used 
were composed according to Table 3 and Table 4 at 46°C for 2 h (Daims et al., 2005) 
and counterstained with DAPI-mix. 
 
 
 
Table 3: Washing Stringency (%); amount (ml) of reagents needed to achieve a washing buffer 
stringency of the desired percentage. The table was established by Daims et al. 2005   
 
 Washing stringency                   
  0% 5% 10% 15% 20% 25% 30% 35% 40% 45% 50% 
5 NaCl 9.00 6.3 4.5 3.18 2.15 1.49 1.02 0.7 0.46 0.3 0.18 
1 M Tris-
HCl 1 1 1 1 1 1 1 1 1 1 1 
0.5 M 
EDTA 0 0 0 0 0.5 0.5 0.5 0.5 0.5 0.5 0.5 
ddH2O 
to 
50ml 
to 
50ml 
to 
50ml 
to 
50ml 
to 
50ml 
to 
50ml 
to 
50ml 
to 
50ml 
to 
50ml 
to 
50ml 
to 
50ml 
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Table 4:  Hybridisation Stringency (%); amount (ml) of reagents needed to achieve a hybridisation 
buffer stringency of the desired percentage. The table was established by Daims et al. 2005   
 
Hybridisation Stringency                   
  0% 5% 10% 15% 20% 25% 30% 35% 40% 45% 50% 
5 NaCl 180 180 180 180 180 180 180 180 180 180 180 
1 M Tris-HCl 20 20 20 20 20 20 20 20 20 20 20 
ddH2O 799 749 699 649 599 549 499 449 399 349 299 
FA 0 50 100 150 200 250 300 350 400 450 500 
10 % SDS 1 1 1 1 1 1 1 1 1 1 1 
 
 
 
Table 5: Results of stringency test for the probe LEGPNE1 with L. pneumophila and L. longbeachae. 
DAPI staining detected all cells. The percentage shows how many cells were hybridized in 
comparison to DAPI-staining and which stringency achieved the best hybridisation results, with 
lowest mismatch binding. 
 L. pneumophila (cells ml-1) L. longbeachae (cells ml-1) 
Stringency DAPI LEGPNE1 % DAPI LEGPNE1 % 
10% 9.47E+06 3.70E+06 39 8.71E+06 0.00E+00 0 
15% 1.17E+07 3.81E+06 33 8.32E+06 1.54E+05 1.9 
20% 5.45E+06 3.10E+06 57 9.70E+06 9.90E+04 1.0 
25% 1.14E+07 4.81E+06 42 1.02E+07 3.08E+05 3.0 
30% 1.03E+07 4.76E+06 46 9.70E+06 0.00E+00 0 
35% 7.21E+06 3.28E+06 46 1.07E+07 0.00E+00 0 
40% 7.67E+06 4.42E+06 58 9.24E+06 0.00E+00 0 
45% 7.50E+06 3.87E+06 52 9.70E+06 0.00E+00 0 
AVG 8.82E+06 3.97E+06 45 9.53E+06 7.01E+04 0.7 
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Interestingly we came to a different conclusion concerning the ideal probe stringency 
for LEGPNE1. Table 5 lists the results of the stringency test. At stringencies of 40 % 
and 20 % the probe showed the highest hybridisation efficiency to L. pneumophila. 
Focusing on the specificity of the probe, we could conclude, that at stringencies 
between 15 % and 25 % the probe binds unspecifically. At 25 % LEGPNE1 shows the 
highest unspecific binding percentage to L. longbeachae. In overall the results suggest 
an ideal hybridisation-stringency at 40 %. However, this result will not be included 
in the final FISH protocol as only one stringency test was conducted. Therefore, the 
results are statistically seen a vague basis to challenge the common suggestion, which 
is found in literature to use 25 % formamide for LEGPNE1. 
3.2.8 Design of Competitor-probe 
 
A unmarked Legionella competitor probe LegCompet-2 (5´-ATC TGA CCT GCC CAG 
GTT-3`) (Thermo Electron) was designed using BLAST12 to prevent mismatch 
binding from LEGPNE1 to Legionella spp. and utilized at a working concentration of 
1 pmol µl-1.  
3.2.9 Double labelled FISH probe 
 
In order to obtain brighter signal intensities for LEG705, a double-labelled LEG705 
probe (5'- CTG GTG TTC CTT CCG ATC -3'), which was marked with Cy3 on the 
5`as well as on the 3`end, was applied (Stoecker Kilian, personal communication; 
Stoecker et al., 2010). For comparison, Legionella spp. samples were hybridized with 
LEG705 as well as with double-stained LEG705 (working concentration of 1pmol µl-
1).  
 
                                                 
12
 blast.ncbi.nlm.nih.gov/Blast.cgi 
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Double-stained LEG705 showed brighter signals. The background signal was 
nonetheless overcasting the cell signals, which made quantification unassertive.  
3.2.10 Quality control 
All FISH and CARD-FISH tests included control filters. Each tube contained blank 
filters and negative controls during hybridisation. Negative controls are cells on filter 
which should not hybridize with the probe. Positive controls were done as well but 
were hybridized in separate tubes. Blank filters showed whether cells are transferred 
from one filter onto another. While positive controls demonstrated whether 
hybridisation occurred, negative controls provided information about inappropriate 
stringency conditions and unspecific probe binding. 
 
The blank controls repeatedly showed that some cells are transferred from sample 
filters onto other filter pieces probably due to stacking and rotation during 
hybridisation and amplification. If positive controls were not hybridized, the tests 
were repeated. Negative controls showed frequent mismatch binding between 
LEGPNE1 and L. longbeachae.  
 
 
3.2.11 Final FISH Protocol 
 
Although FISH for detecting L. pneumophila or Legionella spp. cannot be 
recommended, due to insufficient signal intensity a final FISH protocol, Box 4, was 
generated based on previous results  
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FISH protocol 
for use on filters 
 
L. pneumophila with LEGPNE1+Legcomp-2 and LEG705 
 
Filter 1 ml of cell suspension on white polycarbonate membrane filters. Transfer 
filters to petri-dishes and fully dip them into cold 4 % PFA for 1h at room 
temperature. Wash filters with 1 × PBS and dehydrate filters by successively dipping 
them into and ascending ethanol series (50 %, 80 % 96 %) for 3 min. After drying 
filters can be stored in sterile 1.5 ml Eppendorf tubes at -20 °C. 
Cut with a scalpel into quarters, mark with pencil and stack up filters (up to 15 
filters can be hybridized at once) if detection of L. pneumophila is the main aim of 
hybridisation. For accurate quantification do not stack filters but hybridize in 
separate tubes. 
Work in the dark: pipette 30 µl of LEGPNE1 and 30 µl of LegComp-2 probe into a 
sterile 0.7 ml Eppendorf tube and mix with 240 µl hybridisation buffer (180 µl of 5 M 
NaCl, 20 µl of 1 M Tris-HCl, 549 µl of ddH2O, 250 µl of formamide and 1 µl of 10 % 
SDS) at a stringency of 25 % formamide  
Place carefully the filters with L. pneumophila cells into the hybridisation solution. 
Close the tube tightly, wrap it in aluminium foil and quickly fix it onto the rotating 
rack of the heated hybridisation oven. Hybridise filters at 46 °C for 2 h. After 
hybridisation transfer filters immediately for 10 min into a sterile 50 ml tube 
containing washing buffer at 48°C (1.49 ml of 5 M NaCl, 1 ml of 1 M Tris-HCl, 0.5 ml 
of 0.5 M EDTA, fill up to 50 ml with ddH2O). 
Go on with hybridisation with double-labelled LEG705: 
pipette 30 µl of double-labelled LEG705 (working concentration of 1 pmol µl-1) 
probe into a sterile 0.7 ml Eppendorf tube and mixed with 270 µl hybridisation 
buffer (180 µl of 5 M NaCl, 20 µl of 1 M Tris-HCl, 599 µl of ddH2O, 200 µl of 
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formamide and 1 µl of 10% SDS) at a stringency of 20 % formamide. Place filters into 
the hybridisation solution and quickly fix the tube, wrapped in aluminium foil, onto 
the rotating rack of the heated hybridisation oven. Hybridise at 46°C for 2 h. After 
hybridisation, transfer filters immediately for 10 min into a sterile 50 ml tube 
containing washing buffer at 48°C (2.15 ml of 5nM NaCl, 1 ml of 1nM Tris-HCl, 0.5 
ml of 0.5 M EDTA filled to a volume of 50 ml with ddH2O).  
 
After being cleansed with washing buffer, shortly dip the filters into cold 80 % 
Ethanol and let them dry in the dark.  
Place filters on clean glass slides and mount them in 30 µl of DAPI-mix. After 10 min 
of staining, top filters with cover slides. Filters are ready for epifluorescence 
microscopy or can be stored at -20°C. 
Box 4: Final FISH Protocol used in this study 
 
3.3 Establishment of CARD-FISH for L. pneumophila and 
Legionella spp.  
 
3.3.1 CARD-FISH Protocol 
 
As the desirable results were not achieved applying the FISH method, CARD-FISH 
probes were designed to obtain stronger signal intensities. The CARD-FISH 
procedure given in Box 5 was fully based on the CARD-FISH protocol of Wilhartitz 
et al., 2007. 
For the methodical tests, pure cultures of L. pneumophila and Legionella spp. were 
suspended in 1 × PBS, diluted and 1 ml of each concentration filtered onto a white 
filter.  
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CARD-FISH Protocol 
Used during the study 
 
Filters were incubated in 1 × PFA for 1 h at room temperature, washed with 1 × PBS 
and dehydrated with an ascending ethanol series. 
Filters were dried and fully dipped into warm 0.1 % Agarose Gel.  
Filters were dried in glass Petri dishes upside down for 15 min at 37°C. Filters were 
removed carefully with 96 % ethanol from glass Petri-dish.  
Filters could be stored in sterile Eppendorf tubes at -20°C.  
Filters were incubated upside down in permeabilization-mix (100 mg lysozyme 
(SIGMA), 1 ml of at 37°C for 1 h M Tris-HCl, 1 ml of 0.5 M EDTA and 8 ml of 
ddH2O) at 37°C for 1 h. HRP is known to be thermally unstable so the majority of 
protocols work with lower hybridisation temperatures and higher formamide 
concentrations in comparison to FISH. However some experiments showed that the 
signal intensities are not hampered by standard hybridization temperatures of 46°C. 
(Ishii et al., 2004) 
After incubation, filters were washed in ddH2O and placed for 20 min in 0.01 M HCl 
at room temperature.  
Filters were washed twice in ddH2O and dipped into 96% ethanol before being 
dried. 
Filters were cut into four sections, labelled with pencil, stacked into a L. pneumophila 
and a Legionella spp. pile and placed into sterile 0.7 ml Eppendorf tubes along with 
blank filters.  
An extra set of two Eppendorf tubes contained the control samples where L. 
pneumophila was hybridized with LEG705-hrp and Legionella spp. with LEGPNE1-
hrp.  
A formamide stringency of 55 % was used for the hybridisation-buffer (1 g Dextran 
sulphate, 1.8 ml of 5 M NaCl, 200 µl of 1 M Tris-HCl, 5 µl of 100% Triton X100, 5.5 
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ml of formamide, 1 ml of 10% blocking reagent, 1.5 ml of sigma water).  
Hrp-probes were mixed with hybridisation buffer to a probe to buffer ratio of 1:20. 
CARD-FISH probes were thawed only once and stored at 4°C in the dark. The whole 
hybridisation solution always amounted to 315 µl.  
For Legionella species: 300 µl of hybridisation buffer were mixed with 15 µl of 
LEG705-hrp (5´-CTG GTG TTC CTT CCG ATC-3`, HRP on 5`end; working solution 
of 50 ng µl-1). 
For Legionella pneumophila: 300 µl of hybridisation buffer were mixed with 15 µl 
LEGPNE1-hrp (5´-ATC TGA CCG TCC CAG GTT-3`, HRP on 5`end; working 
solution 50 ng µl-1).  
Hybridisation solutions were added to the tubes containing the corresponding 
stacks of filters. The tubes were subsequently wrapped in aluminium foil and 
attached to the rotor of the 35°C warm hybridisation oven for 12 h-15 h. 
Filters were quickly transferred to the washing buffers (30 µl of 5 M NaCl, 1 ml of 1 
M Tris-HCl, 500 µl of 0.5 M EDTA, 50 µl of 10 % SDS filled up to 50 ml with ddH2O), 
which were pre-warmed to 37°C in 50 ml tubes in a water bath, for 15 min at 37°C. 
Filters were placed into glass petri-dishes with PBS-mix (25 µl of Triton X 100 filled 
to 50 ml with 1 × PBS) for 15 min at room temperature.  
During this time the substrate mix was prepared from amplification buffer (4 g 
dextran sulphate, 16 ml 5M NaCl, 400 µl of blocking reagent 10 %, and 23.6 ml of 1 × 
PBS), 30 % H2O2 and tyramid (Alexa488-tyr) on ice. 30 % H2O2 was diluted to a final 
concentration of 0.0015 % with amplification buffer.  
The substrate mix consisted of 493 µl amplification buffer, 5 µl of diluted H2O2 and 5 
ml of Alexa488-tyr. 
 
Filters were dabbed on blotting paper and stacked before being placed into sterile 
1.5 ml cap-tubes and filled with 50 µl of substrate mix each.  
Cells were incubated rotating in the hybridisation oven at 37°C in the dark for 30 
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minutes. Filters were dabbed on blotting paper, washed in PBS mix for 10 min, 
washed with ddH2O, dipped in 96 % ethanol, dried and mounted in DAPI-mix on 
clean glass slides. 
Box 5: Card-Fish Protocol used for Legionella pneumophila detection during the study. 
 
Neither Legionella spp. nor L. pneumophila showed any signal when hybridized with 
LEG705-hrp. The LEG705-HRP did not seem to hybridize at all with the ribosomal 
RNA. On the other hand results for LEGPNE1-hrp were satisfying. The cells were 
bloated and showed a strong signal, which did not fade easily. The control sample of 
Legionella spp. hybridized with LEGPNE1-hrp gave a signal. 
Additionally, the background fluorescence was clearly minimized. Furthermore, it 
has to be noted, that the DNA of cells after the CARD-FISH procedure is less well 
stained by DAPI-mix than after FISH. The DAPI signal cannot be used to verify cells.  
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3.3.2 Checking the Malfunction of LEG705-hrp 
 
To make sure that the malfunctioning of the LEG705-hrp was not caused by 
insufficient probe labelling, the probe solution was measured via photometry. The 
probe solution was further diluted 1:10 and the absorption ratio of 260 nm/ 404 nm 
calculated. Ideally labelled probes have a ratio >3. LEG705-hrp had an absorption 
ratio of 4.8, which means that the probe was efficiently labelled. 
 
 
3.3.3 Specificity with and without Competitor 
 
A further test assessed the specificity of the LEGPNE1-hrp probe. L. pneumophila and 
six other types of Legionella species were hybridized separately with LEGPNE1-hrp 
according to CARD-FISH protocol in Box 5. In addition, a set of these Legionella 
species was hybridized with LEGPNE1-hrp plus competitor LegComp2 [285 µl of 
hybridisation buffer were mixed with 15 µl LEGPNE1-hrp and 15 µl of the unmarked 
competitor LegComp-2 (working solution of 1 pmol µl-1). The signal intensity was 
analysed by photography in combination with Daime (digital image analysis in 
microbial ecology version 1.2, free software by Daims et al., 2006). Photos were 
captured with a black & white camera (Digital Sight Qi1Mc, Nikon) and processed 
with NIS Elements BR 2.3. The detection range of the camera was set for of all photos 
individually, in order to detect the maximum amount of cells on film. For each 
Legionella species ten photos were displayed into Daime and analysed. Signal 
intensities were measured by Daime. Mean and median intensities were used for 
further assessment. Table 6 shows the percentage of mean and median values for 
signal intensity of the different Legionella species in comparison to L. pneumophila. 
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Table 6: Comparison of Signal Intensities of CARD-FISH signals; all species were hybridized with 
LEGPNE1-hrp. Signal intensities are given in percentage. The signal for L. pneumophila was 
determined to be 100%.  
 
 
 
 
 
 
 
 
 
 
 
 
 
The test results given in Table 6 showed that LEGPNE1 bound unspecific to all 
Legionella species if hybridized without competitor. On average, Legionella species 
showed 73 % (considering the mean intensities) and 63 % (given the median 
intensities) of L. pneumophila signals. On the other hand, none of the Legionella species 
was hybridized when the competitor was included in the hybridisation step (data not 
shown). This clearly indicates that the competitor is of great importance in order to 
exclude probe mismatching. This information is particularly important for ecological 
samples as to minimize the probability of mistaking Legionella species for L. 
pneumophila.  
 
  Signal Intensity 
Species % of mean values % of median values 
L. pneumophila 100 100 
L. bozemannii 82 66 
L. dumoffii 78 63 
L. micdadei 80 65 
L. longbeachae 80 65 
L. feelii 77 63 
L. sainthelensi 73 58 
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3.3.4 Limit of Detection for CARD-FISH 
 
The limit of detection is a theoretical value determining cells per filter. If we assume 
that one cell has been filtered on the filter, the probability to detect this cell is 
dependent on filter size and the number of microscopic fields which are assessed. All 
filters used have the same area and 20 microscopic fields are viewed for routine 
purposes. In the case of extremely low cell concentrations, 100 microscopic fields are 
being examined. Thus, the calculated theoretical limit of detection is 3500 cells per 
filter, no matter in what volume these cells were actually suspended.  
 
3.3.5 Limit of Quantification for CARD-FISH 
 
Quantifying CARD-FISH labelled cells with epifluorescence microscopy has like all 
methods an uncertainty of measurement. The bias is a compound of several factors 
as for example inhomogeneous dispersal of cells in suspension, the loss of cells 
during dilution or hybridisation, the irregular dispersal of cells on filter during 
hybridisation as well as the smaller probability of detecting very low numbers of 
cells within a certain amount of microscopic-fields. In order to evaluate this limit of 
quantification a dilution series was set up and cells enumerated with three different 
methods. A pure culture of L. pneumophila was suspended in 1 × PBS and diluted in 
consecutive 1:2 and 1: 5 steps to a total of 2 × 12 dilutions. Total bacterial numbers (t. 
BN) of each dilution were quantified by acridine orange staining. L. pneumophila was 
hybridized with LEGPNE1 according to the given CARD-FISH protocol and then 
stained with DAPI. Bacterial cells were counted with emission-filters for Cy3 and 
DAPI signals. 
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Figure 5: Limit of Quantification; quantification of cells using different detection methods for a 
dilution series. The theoretical value assumes a linear dilution. Total bacterial numbers of L. 
pneumophila were quantified with DAPI-staining, Acridine Orange-staining and CARD-FISH 
(LEGPNE1).  
 
 
 
 
 
Figure 5 shows a comparison between the theoretical cell numbers and the actual cell 
number which could be detected with the different staining techniques. It can be 
concluded that acridine orange staining shows the most accurate quantification. This 
is little surprising as cells which are quantified by LEGPNE1-hrp and DAPI went 
through the whole process of hybridisation. Furthermore, DAPI-signals are very 
difficult to detect after CARD-FISH as their intensity is very weak in contrast to the 
background. However, all staining techniques imply basically the same 
quantification limit. Below a value of 104 cells per filter, exact quantification is not 
possible.  
 
51 
 
 
3.3.6 CARD-FISH / CARD-FISH double Hybridisation 
 
In order to find out whether the multiple probe concept could be applied for CARD-
FISH as well, numerous test were carried out involving LEGPNE1-hrp, EUB338-mix 
(Wilhartitz et al., 2007) , GAM42a-hrp (HRP5`-GCC TTC CCCA CAT CGT TT-
3´)(working solution 1 pmol µl-1), beta-competitor (5´-GCC TTC CCA CTT CGT TT-
3`) (working solution 1 pmol µl-1), LegComp-2 and the two tyramides Alexa488 and 
Alexa555. Pure cultures of L. pneumophila, the six other Legionella species and Vibrio 
cholerae were suspended in 1 × PBS and fixed on filter. The aim was to check whether 
double CARD-FISH would work at all, whether the order of probe hybridisation 
would make a difference and whether the probes would bind unspecifically in the 
second run. Therefore filters were hybridized separately from each other according 
to the CARD-FISH protocol in Box 5. 
 
Legionella pneumophila 
LEGPNE1-hrp +LegComp2+ Alexa 488 followed by GAM42a-hrp +beta-comp+ Alexa 
555 
GAM42a-hrp + beta-comp +Alexa 555 followed by LEGPNE1-hrp + Alexa 488 
LEGPNE1-hrp + Alexa 488 followed by EUB338-mix + Alexa 555 
EUB338-mix + Alexa 555 followed by LEGPNE1-hrp + Alexa 488  
Vibrio cholerae 
GAM42a-hrp + beta-comp + Alexa 488 followed by LEGPNE1-hrp + Alexa 555 
Legionella feelii, L. micdadei, L. sainthelensi, L. dumoffii, L. longbeachae, L. 
bozemannii, 
GAM42a-hrp + beta-comp+ Alexa 488 followed by LEGPNE1-hrp + Alexa 555 
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The results were disappointing, as a large quantity of cells did not endure the second 
amplification step and burst. Hence, double CARD-FISH is not applicable under the 
used protocol conditions.  
 
 
3.3.7 CARD-FISH/ FISH double hybridisation 
 
Further test were carried out to figure out whether CARD-FISH and FISH could be 
combined. As LEGPNE1-hrp is functioning well it would be of interest whether it 
could be combined with double-labelled LEG705. Thus a numerous set of 
experiments was carried out. Protocols were carried out according Box 4 and Box 5. 
Starting with the higher stringent step, Legionella pneumophila went through CARD-
FISH first, followed by FISH with double labelled LEG705 (DOPE LEG705). 
 
 
 
The first set of experiments showed promising results for LEGPNE1-hrp and DOPE 
LEG705. 97.6 % of cells were detected with both probes. Unfortunately, when 
repeating the experiments not the same results could be replicated. Only 29 % of cell 
were detected with both probes, LEG705 being the probe unable to hybridize. 
 
 
3.3.8 Spiking of environmental samples 
 
A water sample was taken from cooling tower B and sterilized by filtration in several 
steps. The water sample was filtered through membrane filters with pore size of 3 
µm, 1.2 µm, 0.8 µm 0.45 µm, 0.2 µm successively. A pure culture of L. pneumophila 
was suspended in 1 × PBS and diluted three times 1:10. The bacterial cells in 1ml of 
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each cell-suspension were collected by quantified by acridine orange staining. 1 ml of 
the ideal concentration was transferred into 9 ml of sterile cooling tower water. 1 ml 
of this cell suspension was stained by acridine orange and 1ml was filtered onto 
white nucleopore filters for CARD-FISH. The cells were hybridized with LEGPNE1-
hrp according to protocol in Box 5. 
 
 
In comparison to acridine orange staining, 89 % of the total cell numbers were 
hybridized with LEGPNE1-hrp. 
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3.4 Methodical considerations 
In conclusion, it can be said, that a comparison between DAPI-mix and acridine 
orange cell counts showed an accordance of 98 % for all FISH and CARD-FISH 
experiments. Acridine orange cell counts were used for general comparison, as 
acridine orange stained cells are by far better visible under the microscope than 
DAPI stained cells. Focusing on FISH, 66 % of L. pneumophila cells were hybridised 
with LEGPNE1 and 60 % of Legionella species with LEG705 respectively in 
comparison to A.O. staining.  
It is highly recommendable, to analyse samples on multi-well-slides. In cases where 
this is not practicable, filters should be hybridized separately, as blank controls 
regularly showed that cells are being transferred from one filter onto another.  
It might be worth trying to use counterstaining dye like TSE/2 and hybridize cells on 
black 25 mm, 0.45 µm pore-size polyester membrane filters (ChemFilter, Type CB 0.4, 
Chemunex Ivry-sur-Seine, France) in order to decrease the background signal. 
Additionally, further stringency tests are advisable to find out whether a change in 
formamide concentration is of advantage. 
About CARD-FISH for L. pneumophila, it can generally be said that this method 
brings about an immense signal-intensity improvement in comparison to FISH. Even 
so, only an overall 60 % of cells could be hybridized with LEGPNE1-hrp in 
comparison to acridine orange staining.  
The double-hybridisation tests did not show good results under the used protocol 
conditions. Nonetheless, if protocol conditions were further adapted, I do not 
eliminate the possibility that, the combination of LEGPNE1-hrp, LegCompet2 and 
DOPE-LEG705 for Legionella pneumophila might work out well.  
Speaking of LegCompet2 it has to be stressed, that the use of LEGPNE1 without 
competitor is not recommendable. The specificity test as well as the negative controls 
showed mismatch probe binding in multiple cases, although with weaker signal 
intensity.  
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Same as in FISH, the hybridisation of cells on filter has disadvantages, because some 
cells are shifted on their filters, some are washed off or even cling to other filters. 
Presumably the reason for this is the rotation of the filter-stacks during hybridisation 
and amplification. Some protocols (Baudart et al., 2002; Eickhorst & Tippkötter, 2008) 
suggest CARD-FISH on slides using ChemFilters. Applying this protocol might 
improve the accuracy of the method. Furthermore, stringency conditions could be 
reduced for LEGPNE1 hybridisation if LegCompet2 is used simultaneously, 
increasing the likelihood of hybridizing more L. pneumophila cells.  
Including the helper probes HLEG705R and HLEG705L (Baudart & Lebaron, 2007) 
during the hybridisation of LEG705-hrp makes a crucial difference for the 
functioning of this CARD-FISH probe. Samples of the cooling tower waters were 
analysed again half a year later using these helper probes and LEG705-hrp 
functioned this way. Results of these tests are however not included in this study. 
In addition, the detection and quantification limit can be decreased by using solid 
phase cytometry (ChemScan RDI, AES Chemunex, Ivry-sur-Seine, France) instead of 
epifluorescence microscopy. 
All in all it can be said that the methods, FISH and CARD-FISH have their 
advantages, disadvantages and biases. It is highly recommended to test each probe 
for specificity and stringency before use. A perfectly established protocol might not 
be fully suitable for every environmental sample. The aim is to have a protocol which 
enables the detection of the cells of interest specifically and with bright signal 
intensities, without mismatch binding to any other taxa in the environmental sample. 
It might be time consuming and costly to reach this goal, but it is well worth it. 
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3.4.1 Recommended CARD-FISH Protocol  
In Box 6 the recommended CARD-FISH Protocol for Legionella species (LEG705-hrp) 
and L. pneumophila (LEGPNE1-hrp) is given. It includes competitor and helper 
probes. 
 
CARD-FISH Protocol 
For use on filters 
 
Filter sample onto a white filter. Incubate filters in 1 × PFA for 1 h at room 
temperature, wash with 1x PBS and dehydrate with an ascending ethanol series. Dry 
filters and fully dip it into warm 0.1 % Agarose Gel. Dry filter in glass petri-dish 
upside down for 15 min at 37°C. Remove filter carefully with 96 % ethanol from 
glass petri-dish. Filter could be stored in sterile Eppendorf tubes at -20°C. Incubate 
filter upside down in permeabilization-mix for 1 h at 37°C (100 mg lysozyme, 1 ml 
1M Tris-HCl, 1 ml of 0.5 M EDTA and 8 ml of ddH2O) at 37°C for 1 h. After 
incubation wash filter in ddH2O and place for 20 min in 0.01 M HCl at room 
temperature. Wash twice in ddH2O and dip into 96 % ethanol before being drying. 
Cut filter into four sections, label with pencil, stack into a pile and place into sterile 
0.7 ml Eppendorf tube along with blank filters.  
Use a formamide stringency of 55 % for the hybridisation-buffer (1 g dextran 
sulphate, 1.8 ml of 5 M NaCl, 200 µl of 1 M Tris-HCl, 5 µl of 100 % Triton X100, 5.5 
ml of formamide, 1 ml of 10% blocking reagent, 1.5 ml of sigma water). Mix hrp-
probes with hybridisation buffer to a probe to buffer ratio of 1:20. CARD-FISH 
probes must be thawed only once and stored at 4°C in the dark.  
The whole hybridisation solution always has to amount to 315 µl.  
For Legionella species: Mix 270 µl of hybridisation buffer with 15 µl of LEG705-hrp 
(5´-CTG GTG TTC CTT CCG ATC-3`, HRP on 5`end; Working solution 50 ng µl-1) 
and 15 µl of HLEG705R and 15µl of HLEG705L (Baudart & Lebaron, 2007). 
For L. pneumophila: Mix 285 µl of Hybridisation buffer with LEGPNE1-hrp (5´-ATC 
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TGA CCG TCC CAG GTT-3`, HRP on 5`end; working solution 50 ng µl-1) and 15 µl  
of the unmarked competitor LegComp-2 (working solution of 1 pmol µl-1).  
Add Hybridisation solution to the tube. Wrap tube in aluminium foil and attach to 
the rotor of the warm hybridisation oven for 12 h-15 h at 35°C. 
Transfer filter quickly to the washing buffer (30 µl of 5 M NaCl, 1 ml of 1 M Tris-
HCl, 500 µl of 0.5 M EDTA, 50 µl of 10 % SDS filled up to 50 ml with ddH2O), which 
has to be pre-warmed to 37°C in a 50 ml tube in a water bath, for 15 min at 37°C. 
Place filter into glass petri-dishes with PBS-mix (25 µl of Triton X 100 filled to 50 ml 
with 1 × PBS) for 15 min at room temperature. During this time the substrate mix 
can be prepared from amplification buffer (4 g dextran sulphate, 16 ml 5 M NaCl, 
400 µl of blocking reagent 10 %, and 23.6 ml of 1 × PBS), 30 %H2O2 and tyramide 
(Alexa488-tyr) on ice. Dilute 30 % H2O2 to a final concentration of 0.0015 % with 
amplification buffer. The substrate mix consists of 493 µl amplification buffer, 5 µl of 
diluted H2O2 and 5 ml of Alexa488-tyr. 
 
Dab filter on blotting paper and stack before placing into sterile 1.5 ml cap-tubes and 
filling with 50 µl of substrate mix. Incubate cells in rotating hybridisation oven at 
37°C in the dark for 30 min. Dab filter on blotting paper, wash in PBS mix for 10 
min., wash with ddH2O, dip in 96 % ethanol, dry and mount in DAPI-mix on clean 
glass slide. 
Box 6: Recommended CARD-FISH Protocol for Legionella species and L. pneumophila; the protocol 
includes competitor and helper probes. Reagents and temperatures are according to Wilhartitz et al. 
(2007) 
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4 Materials & Methods 
4.1 Sampling  
Samples from the cooling tower water system of two hospitals (A&B) were taken on 
a biweekly basis from April to October in 2009. From cooling system A samples were 
taken from April 2009 until August 2009 on a total of 8 occasions while sampling 
from cooling system B lasted until October 2009 and amounted to 13 sampling dates. 
In overall 30 water samples were taken from hospital A and 55 from hospital B. 
In cooling tower system A three sampling sites were chosen. At the first sampling 
site the cooled water from the cooling tower tanks on the roof merged. There, also 
disinfection took place once a day. The second sampling site was positioned before 
the turbo-generators which had to be cooled. The third sample was taken after the 
turbo-generators, after the heat had been exchanged and the waters warmed up. On 
two occasions another four samples were taken from each one of the cooling tower 
tanks directly. All of these sampling sites had water taps directly installed to the pipe 
or to the tanks respectively. 
In cooling system B a minimum of four samples were taken on each sampling date. 
Two sampling sites had installed water taps to the pipes leading to and from the 
generators. The other samples were taken from the cooling tower tanks at the 
blowdown point, where particulate matter is removed from the system. As the six 
cooling towers were managed in alternating operation, one sample was taken from 
an active tank and another sample from a tank not in use.  
Sampling sites where sterilized with a flame burner and water was left to run before 
filling the sterile sampling containers. Samples for total bacterial numbers (t. BN), 
bacterial secondary production (BSP) and CARD-FISH were gathered in sterile 500 
ml glass bottles. For amoeba detection, 1 L glass bottles were filled. Samples for 
heterotrophic plate counts (HPC) and Legionella cultivation were filled into 250 ml 
glass flasks containing sodium thiosulphate. Water samples which were delivered to 
CEST for chemical analysis were collected in disposable 350 ml plastic bottles. Data 
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on water temperature, pH, conductivity, chlorine concentration, daytime and 
operating state was recorded for each sampling point. Samples were transported in 
cooling boxes and taken to laboratory within two hours. Bottles for chemical analysis 
were stored at 4°C in the dark and were assessed by CEST within 2 days. Every 
water sample was analysed regarding 
Physical and Chemical parameters:  
Temperature, conductivity, TOC, free chlorine, total chlorine, bound 
chlorine;13  
total Phosphorus, PO4, PO4-P, total Nitrogen, NO2, NO3, NH4, SO4, Cl, Mg, Na 
and K;14  
Microbial parameters: 
t. BN, BSP, CARD-FISH for L. pneumophila15  
HPC, cultivation of L. pneumophila and Legionella spp.16 
Detection and identification of Amoebae17 
 
4.2 Site description 
Hospital A is a major hospital in Vienna and possesses two independent cooling 
tower systems. Both cooling tower systems have been under supervision of the 
accredited laboratory of the unit of water hygiene (Medical University Vienna). In 
spite of being operated similarly only one of the cooling tower systems has frequent 
Legionella spp. incidences above the tolerable Legionella spp. concentrations. Due to its 
importance as public health risk this cooling system was included in this study. The 
cooling system was built in 1990 and possesses summer and winter cooling tanks on 
the roof. The total volume of the cooling system sums up to approximately 300 m3. In 
                                                 
13 Alexandra Rameder, Institute for Hygiene and Applied Immunology 
14 CEST – Center for Electrochemical Surface Technology, A-2700 Wiener Neustadt, Austria 
15 Alexandra Rameder, Institute for Hygiene and Applied Immunology 
16 Regina Sommer, Sonja Knetsch, Marion Griessler, Institute for Hygiene and Applied Immunology 
17 Julia Walochnik, Ute Scheikl, Institute of Specific Prophylaxis and Tropical Medicine, Medical University  
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summer all cooling tanks are in continuous operation. In winter, the summer cooling 
tanks are emptied and the winter cooling tanks are operated if required. All cooling 
tanks are emptied and cleaned once a year. The water which is lost to evaporation is 
replaced by tap water, which is amended with an anticorrosive. Biocides (Sodium 
hypochlorite, Sodium bromide) are added once a day at a dosing point to a redox-
potential of 500 mV. The removal of waste-water from the system is automated and 
depends on the refrigerating capacity. The cooling system cools the refrigerating 
machines of the air conditioning and medical machinery. 
Figure 6 shows a general scheme of the cooling system and indicates the three 
sampling points. One sample was taken at the merging point of the cooling tower 
pipes, the second was gathered before the heat exchange and the third was collected 
after the refrigerating machines, where water temperature has been increased. 
 
Heat exchange at 
refrigerating machines
Biocide dosing point
Anticorrosive dosing point, 
water supply station
Blow-down point
Control site for meassuring
instruments
Sampling points
18-28 °C
26-40 °C
Winter cooling
tanks
Summer 
cooling tanks
 
Figure 6: General scheme of Open Cooling Tower System A; The system possesses winter and 
summer cooling tanks; Samples were taken as follows: Firstly: after the tanks, Secondly: after being 
channelled to the generators, Thirdly: after the generators 
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Hospital B is situated in Lower Austria and has a cooling system consisting of six 
cooling tower tanks, which are all independently linked to the system. Figure 7 gives 
a general overview of the cooling system and its sampling points. In summer the 
cooling system is operated alternating depending on cooling requirements. In winter 
the cooling system is at stand still. As in hospital A the refrigerating machines of the 
air conditioning and medical machinery are cooled. The water used for refilling is 
from Lower Austria’s water supplies and is being scaled before use. The biocide in 
use is based on isothiazo-ions. Different amounts of biocide were added daily 
throughout the study. Also, biocide addition was stopped on the 21st of July 2009 and 
replaced by phosphate reduction with aluminium chloride. Table 7 gives an overview 
of the disinfection regime throughout the study. 
 
Heat exchange at 
refrigerating machines
Biocide dosing
point in CT6
water supply
station
Sampling points CT
1
CT
2
CT
3
CT
4
CT
5
CT
6
18-30 °C
26-46 °C
Blow-down
sites
 
Figure 7: General scheme of Open Cooling Tower System B; the system possesses six cooling towers. 
Samples were taken firstly: directly at two tanks, secondly: after being channelled to the generators 
and thirdly: shortly after the generators. 
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Table 7: Disinfection regime of cooling system B during the study: Biocide was added in the 
according amount directly to the system and phosphate precipitation took place in the refilling water. 
On the 6th of July a technical default occurred and stopped biocide addition for several days. After the 
19th of October the system was automatically set on standstill, so neither the biocide not the phosphate 
precipitation was in use.  
Date Biocide Addition Phosphate precipitation 
From To (L d-1)  
2nd Apr. 13th Apr. 1 not active 
14th Apr. 9th Jun. 2 not active 
10th Jun. 
6th Jul. 
20th Jul. 
unknown 
4 
0 
not active 
not active 
21st Jul. 14th Sep. 0 active 
15th Sep. 29th Sep. 1 active 
30th Sep. 18th Oct. 4 active 
19th Oct. 21st Oct 0 Not active 
 
4.3 Determination of Environmental Parameters 
4.3.1 Chlorine concentration 
 
Chlorine concentration was only measured in cooling system A, as cooling system B 
used a different disinfection product which did not contain chlorine. Measurements 
were conducted with a chlorine test set from LOVIBOND, using colorimetric 
comparison. 5 ml of water sample were filled into a glass cuvette and supplemented 
with a DPD No.1 tablet. The water sample turned pink in presence of free chlorine. 
The intensity of the colour indicated the free chlorine concentration in mg l-1 and was 
compared to a colour indicator disc (range 0.1 – 4 mg L-1). Moreover, total chlorine 
was measured by pouring the content of the cuvette into another glass cuvette and 
adding a DPD No. 3 pill. Then again, colour was compared to an indicator disc. 
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4.3.2 Total Bacterial Numbers 
 
Total BN were measured with acridine orange staining according to the protocol on 
page 31. 
 
4.3.3 Bacterial Secondary Production (BSP) 
 
Measuring the bacterial secondary production gives a good insight on how active the 
bulk of bacteria within the analysed system are. Activity rates can be high if there are 
plenty of bacteria and nutrients present in the water sample. So, the bacterial 
production is determined by the t. bacterial number (BN) to a great extent. However, 
an equally high activity rate can be achieved if fewer bacteria are extremely 
productive. In order to be independent of the bacterial numbers, BSP is divided by 
BN giving the specific bacterial production.  
The method was initially developed by Kirchman et al. (1985) and Simon & Azam 
(1989) and is based on protein synthesis. Bacteria are `fed´ in vitro with a 
radioactively labelled amino acid (3H-leucine) which is added in excess so isotope 
dilution can be excluded. This means that none of this particular amino acid is 
produced by the cell itself but solely is being ingested from the environment. The 3H 
labelled amino acid is subsequently incorporated into proteins, which are 
precipitated and their radioactivity measured in disintegrations per minute (DPM) 
by a scintillation counter (LSC-1900 TR, Packard BioScience). The detected values are 
converted to an activity rate, which is given in ng of Carbon incorporated within 1 h 
in 1 L water sample. The following lists the underlying calculation. 
 
BSP (ng C L-1 h-1) = (pmol 3H L-1h-1  × CF) × 0.001 
Where CF is the theoretical conversion factor, which in this study was 1550 as given 
by Simon and Azam (1989). 
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pmol 3H L-1h-1 = (DPM / Specific activity) × 1000 
 
The specific activity (DPM pmol-1) of the radioactively labelled leucine is given by the 
amount of mCi mmol-1. 
 
The protocol used was carried out according to Kirschner and Velimirov (1999). 4 
samples along with 2 blanks were analysed per sampling point. Sterile 1.7 ml screw-
cap micro centrifuge tubes (Eppendorf) were filled with 1 ml of the water sample. 
Bacteria within the blanks were immediately killed with 50 µl of 100% trichloro-
acetic acid (TCA), which caused the cells to burst. 5.8 µl of 3H-leucine (ARC, St Louis, 
MO; Specific activity of 100 Ci mol-1, final concentration of 60 nM) were added to all 
tubes, which were left to incubate for 1 h at room temperature in the dark. After 
incubation samples were stopped with 50 µl of 100% TCA and all tubes were 
supplemented with 100 µl of 35% NaCl, which enhances protein precipitation. 
Proteins were left to precipitate for 30 min at room temperature. Subsequently, all 
tubes were centrifuged at 16000 g for 10 min and the supernatant discarded. The 
protein pellet was washed with 1 ml of 5% TCA and again centrifuged. The 
supernatant was discarded and replaced with 1ml of 80% ethanol. After 
centrifugation ethanol was replaced with 1 ml of double distilled water, which was 
discarded after a final centrifugation step. The pellet was resuspended in 1 ml of 
scintillation cocktail (Ultima GoldTM, Packard BioScience). After a minimum of 12 
hours the tubes were placed into a Canberra scintillation counter which detected the 
radioactivity. Based on the comparison with a standard curve, the program 
automatically corrected the detected DPM for quenching.  
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4.3.4 CARD-FISH of Legionella pneumophila 
 
The specificity tests as shown in in chapter 3.3.3 Specificity with and without 
Competitor indicated high mismatch binding for LEGPNE-hrp, if the competitor is 
not used simultaneously. Nonetheless, the CARD-FISH Protocol for L. pneumophila 
without competitor as given in Box 5, page 46, was deliberately used in this study, as 
the testing had already begun and the method should not have been altered during 
the process. The samples were however tested half a year later according to the 
recommended protocol in Box 6 on page 57. These results are not included in this 
study. 
 
4.3.5 Cultivation of Legionella spp. and L. pneumophila 
 
At present the gold standard procedure for the detection and enumeration of 
Legionella spp. and in particular L. pneumophila is by cultivation following 
ISO1173:1998. ISO (International Organisation for Standardization) is an 
international federation of ISO member bodies, working on preparing international 
standard procedures. This procedure was introduced by Technical Committee 
ISO/TC 147, Water quality, Subcommittee SC 4, Microbiological methods. 
In this study, detection and quantification was carried out as described in the 
following in the accredited laboratory for Water Hygiene (Medical University, 
Vienna) and is described in detail due to its high significance for this work. 
In order to analyse a water sample, seven Legionella agar plates (GVPC –agar, 
buffered charcoal yeast extract medium with selective supplements, bioMerieux) are 
necessary. 100 ml up to 1 L of cooling tower samples were transported in sterile 250 
ml glass flasks containing sodium thiosulphate in order to inactivate oxidizing 
biocides. 100 ml of the water samples were filtered on polycarbonate filters (0.22 µm, 
ø 47 mm, Whatman). The filter was transferred into a sterile 100 ml glass flask 
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(Pyrex) containing 5 ml of 1:40 Ringer solution (Ringer tablet from OXOID mixed 
1:40 with distilled water, autoclaved) and placed into an ultrasound tank for 2 min. at 
room temperature. The generated concentrated cell suspension was the basis for the 
following three treatments.  
Treatment1: 0.1 ml of the solution were pipetted and streaked out directly onto a 
Leg-Agar plate.  
In the second treatment, 0.9 ml of the cell suspension were diluted with 0.1 ml of 
Leg-10 × acid buffer (3.9 ml of 2 M HCl mixed with 25 ml of 0. 41 M KCl) in sterile 1. 
8 ml screw capped tubes (Nunc) After 5 minutes, 0.5 ml of the acid treated 
suspension were streaked onto Legionella specific agar.  
Procedure 3 involved a heat treatment before being pipetted onto a total of five agar 
plates. The concentrated cell suspension was heated up to 50°C for 30min in a water 
bath and transferred to the ultrasound tank for another 2 min. and triplicate 1 ml 
samples was streaked onto Leg agar plates. Onto the 6th plate only 0.1 ml of the heat 
treated suspension was streaked. At last, 0.1 ml of heat treated cell suspension was 
further diluted with 0.9 ml of 1:40 Ringer solution. From this dilution 0.1 ml were 
pipetted onto the last agar plate. Every examination day at least one control sample 
with 100 ml of sterile water was carried out.  
The plates were dried under the laminar air flow, before being piled and placed into 
a plastic bag including a wet cloth to ensure humid incubation conditions. The plates 
were incubated upside down at 36°C up to 10 days in the incubation oven.  
Examination of the forming colonies took place on the 4th (± 1), 6th (± 1) and 10th day. 
Legionella species were identified by morphological aspects as colour and 
fluorescence. Per treatment procedure a minimum of 3 colonies with typical or 
suspected Legionella appearance was further streaked onto Leg-Agar as well as blood 
agar (Columbia agar + 5% sheep blood, bioMerieux) and incubated for another 2 
days at 36°C. Colonies which grew on Leg-agar without growing on blood-agar were 
assigned as Legionella species. For the identification of L. pneumophila an agglutination 
test via test–kit (Legionella Latex Test, OXOID) was conducted. Colonies assigned as 
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Legionella spp. were separately mixed with the serum “Leg.1” and “Leg. 2-14”. 
Colonies agglutinating with serum “Leg.1” proved to be L. pneumophila serogroup 1, 
while colonies which agglutinated with “Leg2-14” were L. pneumophila serogroup 2-
14. For the evaluation, those agar plates were taken, which showed the highest 
quantitative results and exhibited in the ideal case between 20 and 200 colonies. 
Results were calculated using factors corresponding to the treatment and were given 
in colony forming units (cfu) per 100 ml. 
It has to be emphasized, that not the bacterial cells are counted by this method, 
because not every cell will be able to form a visible colony. Nonetheless the general 
aim is to dilute the sample so well, that mainly single cells are spread out, of which 
as many as possible should form a visible colony.  
If less than 20 cfu per 100 ml could be detected in all procedures, quantification was 
not possible and results were given in <35 cfu per 100 ml (limit of quantification). If 
no colonies could be detected with any of the treatments the result was given in not 
detected in 100 ml. Table 8 classifies the amount of colony forming units per Litre of L. 
pneumophila and Legionella species for technical water systems. 
 
Table 8: Categories for the assessment of Legionella species abundance (cfu L-1) in technical water 
systems by cultivation (ISO11731:1998) 
 
Amount of colony forming units L-1 of 
water sample 
Assessment 
 
No occurrence of Legionella spp. colony 
 
not detected 
< 35 and 35 to < 100 minor concentration 
100 to <1 × 103 tolerable concentration 
1 × 103 to < 1 × 104 increased concentration 
1 × 104 and above highly increased to massive 
concentration 
68 
 
4.3.6 Heterotrophic Plate Counts (HPC) 
 
Heterotrophic plate counts were enumerated by a pour-plate method according to 
the international standard protocol ISO 6222:1999. The procedure was conducted by 
the accredited laboratory for Water Hygiene (Medical University Vienna). Results for 
bacterial numbers are given in colony forming units per ml. In order to analyse one 
water sample, a total of 8 Tryptone Yeast Extract Agar (Scharlau) plates were 
necessary. 200 ml of agar were tempered to 45± 1°C. The probe was diluted three 
times 1: 10 and 1000µl of each dilution step were pipetted into two sterile petri 
dishes. The agar was poured into the 8 petri dishes and mixed with the water 
sample. The two petri dishes which did not contain water samples were quality 
control probes. One control and half of the samples were placed into an incubator 
upside down at 36± 2 °C for 44± 4 hours. The other control plate and the rest of the 
samples were incubated at 22± 2 °C for 68± 4 hours. Quantification took place 
immediately after incubation. In case the plate with the highest dilution held more 
than 300 colonies, results were given in > 300 cfu per dilution. Additionally, 
distinctive features as the appearance of fungi were recorded. 
4.3.7 Detection and Identification of Free Living Amoebae 
 
The detection and identification of amoebae taxas was carried out via cultivation and 
PCR-method. The exact protocols can be read up in the diploma thesis of Ute Scheikl, 
2009. 
4.4 Statistical analysis 
 
Data was collected and diagrams plotted in Microsoft Office Excel 2003. Statistical 
analysis was carried out with SPSS 17.0. Data was analysed for normal distribution 
with Kolmogorov-Smirnov test. For Pearson correlation, the data that was not 
normally distributed was log transformed. Correlation-tables were calculated 
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according to Spearman-Rho rank correlation. Correlations with a p-value <0.05 were 
considered statistically significant and were plotted in dot diagrams in order to 
visualize the trend. Parametric data was analysed by linear regression and ANOVA. 
Non-parametric data was analysed and compared with parametric data via logistic 
regression and Mann-Whitney U-test. 
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5 RESULTS 
 
5.1 Results of cooling tower system A 
 
5.1.1 Hot spots A 
 
A multifactorial one-way ANOVA was used to answer the question whether a 
Legionella spp. or L. pneumophila hot spot existed or whether Legionellae are evenly 
distributed within the system. According to this statistical analysis, for none of the 
bacterial parameters measured a significant difference between sampling points was 
observed. Results are listed in Table 9. 
 
 
 
 
Table 9: Results of One Way ANOVA for microbiological variables to test for statistical significant 
differences between sampling points in cooling tower system A; All values were log transformed. 
BSP: bacterial secondary production, t. BN: total bacterial numbers, L. pneumophila CF: L. pneumophila 
detected with CARD-FISH, L. spp. ISO and L. pneumophila ISO: Legionella species detected according to 
ISO1731:1998, HPC 37 and 22: heterotrophic plate counts at 37°C and 22°C quantified according to 
ISO6222:1999 
Microbial Variable F-Value P-Value 
L. pneumophila CF log .453 .833 
L. pneumophila ISO log .334 .911 
L. spp. ISO log 2.118 .094 
HPC37 log .150 .986 
HPC22 log 1.946 .131 
BSP log .413 .861 
t. BN log .359 .890 
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5.1.2 Seasonal Distribution of Bacterial Parameters  
Figure 8 shows all bacterial parameters measured during the course of this study in 
the cooling tower system of hospital A.  
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Figure 8: Seasonal developments of bacterial parameters in cooling system A during 2009; all values 
were extrapolated to one litre. The framed dataset represents the results of the first sampling in Sept. 
2008. BSP: bacterial secondary production, t. BN: total bacterial numbers, L. pneumophila CF: L. 
pneumophila detected with CARD-FISH, L. spp. ISO and L. pneumophila ISO: Legionella species detected 
according to ISO1731:1998, HPC 37 and 22: heterotrophic plate counts at 37°C and 22°C quantified 
according to ISO6222:1999 
 
 
Sampling date 1: In September 2008 it can be seen that HPC numbers were fairly 
high, while cultivation results for Legionella spp. and L. pneumophila were within a 
range of tolerable concentration (< 1000 L-1).  
Sampling date 2: Half a year later, when sampling for 2009 started, Legionella spp. 
concentration had increased above the limit value (1000 L-1), while L. pneumophila was 
still present at tolerable concentrations.  
Sampling date 3: On the 8th of May L. pneumophila were quantified the first time by 
72 
 
CARD-FISH. A substantial discrepancy between the results of CARD-FISH and 
cultivation (ISO) was observed.  
Sampling date 4: On the 29th of May all parameters were measured simultaneously. 
Total BN enumerated with acridine orange staining were with 2.3 × 109 cells L-1 
several orders of magnitudes above all other values. Heterotrophic plate counts at 
both temperatures ranged around 2 × 105 cfu L-1. 8600 L. pneumophila cells L-1 were 
detected with CARD-FISH, while 175 CFU L-1 were enumerated by L. pneumophila 
cultivation. 2000 CFU L-1 of Legionella spp. were determined by cultivation. Bacterial 
secondary production showed that 114 ng C were assimilated in one hour per litre. 
 
Sampling date 5: On the 17th of June all values performed an increase, except for 
cultivated L. pneumophila, which is was not detectable.  
 
Sampling date 6: Two weeks later, on the 1st of July, most values seemed to stagnate 
(HPCs, Legionella spp. ISO, t. B.N.) apart from BSP, which sank. L. pneumophila values 
measured with CARD-FISH increased and L. pneumophila was again detectable via 
cultivation.  
 
Sampling date 7: On the 14th of July there was an overall decrease, except for 
Legionella spp. values which denoted a slight increase.  
 
Sampling date 8: On the 30th of July all bacterial parameters decreased except for 
culturable L. pneumophila.  
 
Sampling date 9: The last sample was taken on the 27th of August and a rise in all 
bacterial parameters could be recorded.  
 
73 
 
5.1.3 Statistically significant correlations  
 
Table 10 lists all statistically significant Spearman rank correlation coefficients found 
between the measured parameters of cooling system A. 
 
 
Table 10: Significant correlations between bacterial parameters according to Spearman rank 
correlation in cooling tower system A; BSP: bacterial secondary production, sBSP: specific bacterial 
secondary production, t. BN: total bacterial numbers, L. pneumophila CF: L. pneumophila detected with 
CARD-FISH, L. spp. ISO: Legionella species detected according to ISO1731:1998, HPC 37 and 22: 
heterotrophic plate counts at 37°C and 22°C quantified according to ISO6222:1999, L. pneumophila CF-
outlier: L. pneumophila detected with CARD-FISH without value from 8th of May. 
 
Significant Correlations 
Variable A Variable B ρ p  
L. spp. ISO HPC 22 0.453 <0.05 
L. spp. ISO HPC 37 0.542 <0.01 
L. pneumophila CF HPC 22 0.417 <0.05 
L. pneumophila CF-outlier L. spp. ISO 0.439 <0.05 
Temp C° L. spp. ISO 0.707 <0.001*** 
BSP HPC 22 0.699 <0.001*** 
BSP HPC 37 0.648 <0.001*** 
sBSP HPC 22 0.728 <0.001*** 
sBSP HPC 37 0.647 <0.01 
BSP L. spp. ISO 0.432 <0.05 
        
 
 
5.1.4 Comparison of Cultivation and In Situ Hybridisation  
 
Figure 9 shows the range of values for L. pneumophila quantified with both methods 
and Legionella spp. quantified by culture over the sampling season. In September, 
cultivation results showed that all detected Legionella species were L. pneumophila, 
which were present in minor concentrations.  
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Figure 9: Comparison of Cultivation and In Situ Hybridisation results in cooling system A; 
Legionella spp. and L. pneumophila abundance was quantified with CARD-FISH and cultivation. L. 
pneumophila CF: L. pneumophila detected with CARD-FISH, L. spp. ISO and L. pneumophila ISO: 
Legionella species detected according to ISO1731:1998 
 
 
In April L. pneumophila was still present in minor concentrations while other 
Legionella spp. began to accumulate.  
On the 8th of May 2009 (sampling date 3) CARD-FISH could be applied for the first 
time and the discrepancy between L. pneumophila detected by CARD-FISH and 
culture is immense. Culturable L. pneumophila were in the range of minor 
concentrations (< 35 cfu 100 ml-1), while cell numbers with CARD-FISH exceeded all 
CARD-FISH values of this study and indicated a massively increased concentration 
(2.22 ×107 cells L-1) as shown in Table 17.  
 
In spite the values for the 8th of May, the figure clearly demonstrates a similar course 
of curves for culturable Legionella spp. and L. pneumophila quantified by CARD-FISH. 
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Assuming that the CARD-FISH value from 8th of May is an outlier a significant 
correlation is given in Table 10.  
In Figure 9, a comparison of the curves from culturable and CARD-FISH detected L. 
pneumophila showed some similarities as well (sampling date 6, 9 and 7). Both 
quantification methods indicated an increase in concentration on sampling date 6 
and 9. However their curves are clearly marked by the differences (sampling date 5 
and 8). There is no correlation given between these parameters, not even if the 
CARD-FISH value of 8th of May was considered as an outlier. 
 
Table 11 lists the results of Legionella species and L. pneumophila detected with 
cultivation. The percentage shows, that in most cases L. pneumophila constituted for 
the smaller part of the Legionellae population. 
 
Table 11: Comparison between cultivation results of Legionella spp. and L. pneumophila according 
to ISO11731:1998. Results are given in cfu L-1 and show the percentage of L. pneumophila within the 
Legionella species population. 
L. pneumophila Legionella spp. Percentage 
ISO11731:1998 ISO11731:1998  
(cfu L-1) (cfu L-1) % 
mean mean   
175 175 100 
156 1519 10 
88 175 50 
175 2000 9 
0 15000 0 
263 15583 2 
58 18333 0 
250 7400 3 
858 18700 5 
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5.1.5 Comparison of L. pneumophila (CF) and HPC  
 
Correlation results in Table 10 and Figure 10 show significant correlation between  
L. pneumophila detected by CARD-FISH and HPC 22 °C. However, HPC 37 °C shows 
no correlation with L. pneumophila.  
The same water samples were analysed at 37 °C and at 22 °C, yet cultivation at 22 °C 
always yielded higher or equal numbers than cultivation at 37°C. Nonetheless, a 
significant correlation was given between both HPC (22 °C. 37 °C) parameters. 
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Figure 10: Comparison of L. pneumophila abundance and heterotrophic plate counts; L. pneumophila 
CF: L. pneumophila detected with CARD-FISH, HPC 37 and 22: heterotrophic plate counts at 37°C and 
22°C quantified according to ISO6222:1999 
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5.1.6 Comparison of cultivated Legionella and HPC  
 
Figure 11 illustrates very clearly the similarities of the curves. Statistical analysis, 
Table 10, yielded a significant correlation between Legionella species and 
heterotrophic plate counts. There is no correlation between heterotrophic plate 
counts and culturable L. pneumophila.  
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Figure 11: Demonstrating the significant correlation between culturable Legionella spp. and 
heterotrophic plate counts; L. spp. ISO: Legionella species detected according to ISO1731:1998, HPC 
37°C and 22°C : heterotrophic plate counts at 37°C and 22°C quantified according to ISO6222:1999.  
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5.1.7 Comparison of BSP and other Bacterial Parameters  
 
Figure 12 illustrates, that bacterial secondary production and heterotrophic plate 
counts have a very coherent course. Statistical analysis in Table 10 proved the highly 
significant correlation. BSP values ranged from 70.5 ng C L-1 h-1 to levels as high as 
1746 ng C L-1 h-1. 
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Figure 12: Seasonal development of bacterial secondary production and HPC; BSP: bacterial 
secondary production, HPC 37 and 22: heterotrophic plate counts at 37°C and 22°C quantified 
according to ISO6222:1999 
  
 
5.1.8 Temperature  
The correlation of Legionella spp. ISO with temperature was highly significant (ρ = 
0.707, p < 0.001***) and Figure 13 illustrates the relationship. 
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Figure 13: Relationship between Temperature °C and log transformed Legionella spp. values 
determined with ISO1731:1998 
 
5.1.9 Chemical Parameters  
 
Table 12 lists important environmental parameters used in aquatic systems which 
may have an influence on bacterial abundance and growth. The values for nitrite, 
nitrate and ammonium lay below threshold values of drinking water18. 
Orthophosphate levels are in the range of groundwater19. The high total phosphorus 
levels indicated the use of phosphorus containing compounds in corrosion- and 
calcination- protection products. TOC concentrations are of comparable level as in 
mesotrophic surface waters. 
 
 
                                                 
18 Austrian Drinking Water Ordinance: Österreichische TWV 
19 Austrian Ground Water Ordinance: Österreichische Grundwasserschwellenwertverordnung 
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Table 12: List of measured chemical parameters; TOC: total organic carbon, TP: total phosphorus, 
PO4_P: orthophosphate, NO2: nitrite, NO3: nitrate, NH4: ammonium; Common parameters in aquatic 
systems to estimate trophic states. 
Cooling Tower System A 
  
  unit min. max. 
TOC mg L-1 4 13 
TP mg m-3 600 1160 
PO4_P mg m-3 3 7 
NO2 mg L-1 0 0.03 
NO3 mg L-1 13 25 
NH4 mg L-1 0 0.04 
 
 
5.1.10 Amoeba  
 
In 87% of all samples amoeba could be detected as listed in Table 17. Whereupon 
Mycetozoa (55 %) Acanthamoeba (40 %) and Hartmannella (20 %) were detected most 
frequently. Vahlkampfia, Echinamoeba and Thekamoeba were represented as well. Slime 
molds like Dictyostelium discoideum and Mycetozoa were recorded to be present in 55% 
and nematodes in 16% of all samples. 
In 65% of the cases only one amoeba taxon was found. Most frequently Mycetozoa (46 
%), Acanthamoeba (15 %) or Hartmannella (8 %) were detected. If two or more amoebal 
taxa were presented (35% of cases), then it was mostly Acanthamoeba with another 
free living amoeba (FLA, 57%), or Acanthamoeba with two other taxa of free living 
amoebae (29%). In 14 % of the cases two FLA without Acanthamoeba could be found. 
It is remarkable, that on the 17th of June neither L. pneumophila nor amoebae were 
detectable by cultivation. Statistical analysis did not show any correlation between 
amoeba presence, Acanthamoeba occurrence, Legionella spp. and L. pneumophila 
abundance. 
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5.2 Results of cooling tower system B 
5.2.1 Hot spots B 
 
Just like in cooling tower system A, the multifactorial one-way ANOVA model 
showed that there is no significant difference in sampling points for the parameters 
measured. No hot spots could be detected in the cooling tower system B as shown in 
Table 13. 
 
 
Table 13: Results of One Way ANOVA for microbiological variables to test for statistical 
significant differences between sampling points in cooling tower system B; all values were log 
transformed. BSP: bacterial secondary production, t. BN: total bacterial numbers, L. pneumophila CF: L. 
pneumophila detected with CARD-FISH, HPC 37 and 22: heterotrophic plate counts at 37°C and 22°C 
quantified according to ISO6222:1999 
Microbiological Variable F-Value p-Value 
BSP log .029 1.0 
t. BN log .095 .993 
L. pneumophila CF log .753 .588 
HPC37 log 1.031 .410 
HPC22 log .541 .744 
 
5.2.2 Seasonal Distribution of Bacterial Parameters  
 
In Figure 14, all bacterial parameters measured in cooling tower system B during this 
study are depicted. The first set of values is from the 22nd of Sept 2008. All additional 
sampling points range from 14th of April to the 21st of October 2009.  
At the beginning of April 2009, when the cooling towers were turned on, a very high 
chemical disinfection dose was applied, followed by the addition of 1 litre of biocide 
into the system daily by continuous feeding as listed in Table 7.  
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Figure 14: Seasonal Developments of bacterial parameters in cooling system B during 2009; all 
values were extrapolated to one litre. The framed dataset represents the results of the first sampling in 
Sept. 2008. BSP: bacterial secondary production, t. BN: total bacterial numbers, L. pneumophila CF: L. 
pneumophila detected with CARD-FISH, L. spp. ISO and L. pneumophila ISO: Legionella species detected 
according to ISO1731:1998, HPC 37 and 22: heterotrophic plate counts at 37°C and 22°C quantified 
according to ISO6222:1999. The blue line shows the biocide levels. 
 
 
Sampling date 1: In September 2008 culturable L. pneumophila and Legionella spp. 
results were in the range of 105 - 106 cfu L-1 and so were classified as massively 
concentrated. Results for L. pneumophila quantified by CARD-FISH and values of 
HPC 22°C lied within the same range. The number of cfu L-1 at HPC 37°C was very 
high (4.7 × 107 cfu L-1).  
 
Sampling date 2: On the 14th of April, neither Legionella spp., nor L. pneumophila, nor 
HPC 22°C could be detected by cultivation. Additionally, only 500 colonies per litre 
were detected for HPC 37°C using heterotrophic plate counts. On the other hand, 
6.25 × 105 L. pneumophila cells L-1 could be detected with CARD-FISH.  
 
Sampling date 3: On the 5th of May, all parameters were measured simultaneously. 
Heterotrophic plate counts increased to approximately 5 × 105 cfu L-1, L. pneumophila 
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detected by CARD-FISH recorded a slight increase and BSP exhibited an activity of 
290 ng C L-1 h-1. Legionella spp. and L. pneumophila were not culturable on this 
sampling date just like on any other date throughout this survey.  
 
Sampling date 4: On the 20th of May, HPC values and BSP had increased, while 
detected CARD-FISH cells had decreased. At the end of May, biocide dose was 
increased to four litres per day, which was immediately displayed in the bacterial 
parameters.  
 
Sampling date 5: On the 10th of June, all measureable parameters had decreased.  
 
Sampling date 6: On the 23rd of June, all values had further decreased except for L. 
pneumophila which stagnated. 
 
Sampling date 7: On the 6th of July most parameters denoted a slight increase even 
though biocide was still being dosed with 4 L d-1.  
 
Sampling date 8: Biocide addition into the system was stopped on the 15th of July. 
Instead, the feeding water was treated with aluminium chloride to chemically 
precipitate phosphate. The response to biocide reduction was immediately visible. 
All parameters denoted an increase on the 21st of July.  
 
Sampling date 9: A further increase was denoted for almost all parameters on the 29th 
of July. Only L. pneumophila results decreased.  
 
Sampling date 10: On the 11th of August all parameters had decreased except for L. 
pneumophila which showed a slight increase even though a technical defect for 
phosphor precipitation was recorded.  
 
84 
 
Sampling date 11: On the 26th of August all parameters followed the same tendency 
and decreased. At the same time a massive upgrowth of the human pathogen 
Pseudomonas aeruginosa could be recorded.  
 
Sampling date 12: On the 15th of September biocide addition (2 L d -1) was switched 
on additionally to phosphorus reduction. For that date HPCs, BSP, Pseudomonas 
aeruginosa counts and t. B.N. denoted a decrease, while L. pneumophila cells increased 
slightly.  
 
Sampling date 13: On the 30th of September BSP was very low (2 ng C l-1 h-1) 
indicating that the biocide addition was effective. Also, t. B.N. and Pseudomonas 
aeruginosa counts decreased. L. pneumophila and HPCs seemed to stagnate. On the 30th 
of September biocide dose was adjusted to 4 litres a day.  
 
Sampling date 14: The last sampling date was on the 21st of October, when cooling 
season came to an end. The whole cooling system was at standstill and neither 
biocide addition nor phosphor reduction was active. The bacterial production was 
still low. However, values for L. pneumophila, HPCs and Pseudomonas aeruginosa had 
increased. Total BN numbers were still declining. 
 
 
5.2.3  Statistically Significant Correlations  
 
Table 14 lists all statistically significant Spearman rank correlation coefficients 
between the measured parameters for cooling system B.  
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Table 14: Significant correlations between bacterial parameters according to Spearman rank 
correlation in cooling tower system B; BSP: bacterial secondary production, t. BN: total bacterial 
numbers, L. pneumophila CF: L. pneumophila detected with CARD-FISH, L. pneumophila ISO: L.  
pneumophila detected according to ISO1731:1998, HPC 37 and 22: heterotrophic plate counts at 37°C 
and 22°C quantified according to ISO6222:1999; L. pneumophila CF-outlier: L. pneumophila detected 
with CARD-FISH without the value of 14th of April. 
 
Significant Correlations B 
Variable A Variable B ρ p  
L. pneumophila CF-outlier HPC 22 0.405 <0.01** 
L. pneumophila CF-outlier HPC 37 0.308 <0.01** 
L. pneumophila CF HPC 37 0.299 <0.05 
L. pneumophila CF HPC 22 0.288 <0.05 
BSP HPC 22 0.566 <0.001*** 
BSP HPC 37 0.482 <0.001*** 
BSP t. BN 0.573 <0.001*** 
        
 
 
5.2.4  Comparison of Cultivation and In Situ Hybridisation  
 
Generally speaking, Legionella spp. and L. pneumophila were not being detected 
throughout the study by cultivation except for the initial sampling date in September 
2008 as shown in Figure 15. Legionella spp. could neither be cultivated during the 
time of biocide addition nor in the disinfection free period. With CARD-FISH it was 
however possible to detect L. pneumophila cells.  
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Figure 15: Comparison of Cultivation and In Situ Hybridisation results in cooling system B; 
Legionella species and L. pneumophila abundance was quantified with CARD-FISH and cultivation. L. 
pneumophila CF: L. pneumophila detected with CARD-FISH, L. spp. ISO and L. pneumophila ISO: 
Legionella species detected according to ISO1731:1998 
 
5.2.5  Comparison of Legionella pneumophila (CF) and HPC  
 
A comparison of L. pneumophila detected by CARD-FISH and the results of the 
heterotrophic plate counts showed a very similar development as shown in Figure 
16. There is only one striking difference. On the 14th of April heterotrophic plate 
count results were very low and laid below CARD-FISH enumeration results. In all 
other cases heterotrophic plate counts exceeded CARD-FISH values. Significant 
correlation values, given in Table 14, showed that if the value of the 14th of April is 
considered as an outlier the correlation is even highly significant. 
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Figure 16: Comparison of L. pneumophila abundance and heterotrophic plate counts in cooling 
tower B; L. pneumophila CF: L. pneumophila detected with CARD-FISH, HPC 37 and 22: heterotrophic 
plate counts at 37°C and 22°C quantified according to ISO6222:1999 
 
5.2.6 Comparison of BSP with other Bacterial Parameters  
 
The parameter of bacterial secondary production reflected the amount of biocide 
addition very accurately. Other bacterial parameters like t. B.N. and heterotrophic 
plate counts correlated highly significantly with BSP, as listed in Table 14, Figure 17 
shows the similarities in the development.  
There was no significant correlation between BSP and L. pneumophila detected by 
CARD-FISH even though the curves seem to have a similar course as seen in Figure 
14. 
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Figure 17: Bacterial secondary production (BSP) and total bacterial numbers (t. BN) demonstrating 
the seasonal fluctuations within the water system.  
 
 
5.2.7 Chemical Parameters  
 
Table 15: List of measured chemical parameters; TOC: total organic carbon, TP: total phosphorus, 
PO4_P: orthophosphate, NO2: nitrite, NO3: nitrate, NH4: ammonium; Common parameters in aquatic 
systems to estimate trophic states. 
 
Chemical parameters 
  unit min. max. 
TOC mg L-1 7 40 
TP mg m-3 14 60 
PO4_P mg m-3 10 50 
NO2 mg L-1 0 0.08 
NO3 mg L-1 6 30 
NH4 mg L-1 0 0.08 
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Table 15 lists important environmental parameters used in aquatic systems which 
may have an influence on bacterial abundance and growth. The values for nitrite, 
nitrate and ammonium were below threshold values of drinking water20. 
Orthophosphate levels would lie in the range of groundwater21. TOC and total 
phosphorus concentrations are of comparable level as in meso- to eutrophic surface 
waters.  
 
Statistical analysis in Table 16 showed correlations between the abundance of L. 
pneumophila cells and chemical parameters. In September 2008 the supply water of 
the system was not being decalcified and Mg2+ and Ca2+ levels laid around 7 mg L-1 
and 29 mg L-1 respectively. In 2009 supply waters were decalcified with a NaCl 
containing product, which explains the increase in sodium chloride ions within the 
system. Mg2+ and Ca2+ levels sunk to a minimum of 1.7 mg L-1 and 7.4 mg L-1 
respectively.  
 
 
Table 16: Significant Spearman rank correlations between L. pneumophila and chemical 
parameters. L. pneumophila CF: L. pneumophila detected with CARD-FISH 
Significant Correlations 
Variable A Variable B ρ p  
L. pneumophila CF  Mg2+ 0.404 < 0.01** 
L. pneumophila CF- Ca2+ 0.396 < 0.01** 
L. pneumophila CF Na+ -0.350 < 0.01** 
L. pneumophila CF Cl- -0.350 < 0.01** 
 
 
 
 
                                                 
20 Austrian Drinking Water Ordinance: Österreichische TWV 
21Austrian Ground Water Ordinance: Österreichische Grundwasserschwellenwertverordnung  
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5.2.8 Amoeba  
 
In 71% of all samples amoeba could be detected as listed in Table 18. Generally, 
Mycetozoa (46 %), Hartmannella (26 %) and Acanthamoeba (23%) were detected most 
frequently. Vahlkampfia, Echinamoeba and Flamella were represented as well. Slime 
molds like Dictyostelium were recorded to be present in 55 % and nematodes in 16% 
of all samples. 
In 62 % of the samples a single amoeba taxon occurred. In 42% of cases this used to 
be Mycetozoa, in 25% Acanthamoeba and in 8% Hartmannella. If two or more amoeba 
taxa were presented (38% of cases), they generally (80 %) were composed of two free 
living amoebae without Acanthamoeba. In the other 20% of cases, Acanthamoeba 
appeared together with Echinamoeba. 
As soon as the addition of biocide was stopped, as listed in Table 7, no Acanthamoeba 
could be detected. On the other hand, without disinfection the frequency and 
diversity of other free living amoeba increased. Figure 18 displays this phenomenon 
clearly. Until the 23rd of June, Acanthamoeba and other FLAs appeared 
simultaneously. After the 6th of July no Acanthamoeba were represented within the 
system.  
 
A significant correlation (p < 0.01 **) between amoebae appearance and Legionella 
abundance could be identified by non-parametric Mann-Whitney-U test. The test 
results showed that L. pneumophila abundance was higher when FLAs were present.  
 
91 
 
Comparison of Occurence between Acanthamoeba and other Free 
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Figure 18: Occurrence of Acanthamoeba and other amoeba at the sampling sites of cooling system B 
during the study; Site 1: cooling tank 1, Site 2: cooling tank 2, Site 4: Cooling tank 6, Site 7 : Pipe 
towards generator, Site 8: Pipe leading away from generator 
 
5.2.9 Pseudomonas aeruginosa  
 
During the period without biocide use, the human pathogen Pseudomonas aeruginosa 
developed massively. Table 18 displays mean values measured at the sampling sites, 
in which the values of the 15th of September and 21st of October actually exceeded 
>30000 cfu 100 ml-1. 
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6 Discussion 
 
6.1 Cooling Tower System A 
 
6.1.1 Inefficient disinfection 
It is important to note, that one hour after the daily disinfection took place the 
disinfectant could not be detected with the colorimetric chlorine test at any sampling 
point anymore and probably was washed out of the system. The disinfectant 
therefore had very little reaction time to have an effective negative impact on biota 
within the system. 
This is clearly displayed in the data. Legionella spp. and L. pneumophila were present 
and culturable throughout the whole season. During June until mid-July Legionella 
spp. even appeared in highly increased concentrations. In addition, the collected 
amoeba data indicated insufficient disinfection. Mycetozoa were the most common 
free living amoeba present in the cooling system. Mycetozoa can form spores but are 
less resistant than Acanthamoeba. So, if disinfection was efficient, mycetozoa would 
die off more quickly. In this cooling system they were present throughout the season. 
These free living amoebae are no human pathogens like Acanthamoeba or 
Hartmannella but they too serve bacteria as hosts (Walochnik et al., 1998). 
In overall mean values of BSP (582 ng C L-1 h-1), t. B.N. ( 6 × 109 cells L-1) and HPC ( 5 × 
105 cfu L-1 to 1 × 106 cfu L-1)show  that the cooling system of hospital A is a very 
productive environment. There is neither orthophosphate nor carbon limitation and 
the nutrient values are of comparable level as meso- to eutrophic aquatic systems.  
Deducing that disinfection in this cooling system was not efficient, it can be assumed 
that the presence of Legionella spp. and L. pneumophila was influenced by the other 
ecological parameters within the system. 
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6.1.2 Legionella and abiotic Parameters 
As shown in Table 10 Legionella spp. proliferation correlated highly significantly (ρ = 
0.707, p < 0.001***) with water temperature in this cooling system. 
As shown in Figure 13, with temperatures around 20°C, Legionella spp. was detected 
in minor as well as in high concentrations (1.75 × 102 – 1.53 × 104 cfu L-1). At increasing 
temperatures only high Legionella spp. concentrations were present (1.52 × 104 - 1.87 × 
104 cfu L-1). The reason for this might be the rivalry between Amoeba and Legionella. 
As mentioned in the introduction, Legionellae are primarily digested by Amoeba at 
temperatures up to 20°C and tend to successfully replicate intracellularly at 
temperatures above 25°C (Ohno et al., 2008).  
None of the measured chemical parameters showed to have a significant impact on 
L. pneumophila occurrence.  
6.1.3 Legionella species and Amoeba 
 
Free living amoeba act as Trojan horses for Legionella species. It is not yet fully 
understood if Legionella species prefer a particular host or can replicate in all of them. 
It was detected that Legionella species can replicate in the examined free living 
amoebas like Acanthamoeba (Tyndall & Domingue, 1982). Hence, it is of great 
importance for the understanding of this cooling system, that in 87% of all water 
samples, free living amoebae were found. Mycetozoa (55 %) Acanthamoeba spp. (40 %) 
and Hartmannella vermiformis (20 %) were detected most frequently. Apart from being 
favoured hosts for Legionella spp., Acanthamoba and Hartmannella vermiformis are 
human pathogens as well. Acanthamoeba for example can cause fatal 
meningoencephalitis and brain, eye, kidney and pulmonary infections (Tyndall & 
Domingue, 1981). They were present in 39% of all samples and were found at all 
sites. The data did not show any correlation between the presence of Acanthamoeba 
and L. pneumophila for either method, even though L. pneumophila`s life cycle is 
partially bound to amoeba (Steinert et al., 1997). 
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Nevertheless it has to be stressed, that data for amoeba is solely qualitative and not 
quantitative. It is very likely, that quantitative data for amoeba would offer a more 
sophisticated view. 
Interestingly, there is a special situation on the 16th of June. Neither L. pneumophila, 
measured with cultivation, nor any amoeba could be detected. There is no obvious 
reason for this phenomenon. The other measured bacterial parameters all indicated 
an increase in population and productivity, and there had not been a change in 
disinfection management. Yet it has to be mentioned, that nematodes, potential 
predators of amoeba were detected in all three samples taken on that date, which 
might explain the collapse of the amoebal population and indicate a seasonal cycle.  
In addition, it has to be mentioned, that Dictyostelium discoideum was isolated from 
cooling system A as seen in Table 17, which contradicts the findings of Taylor et al. 
(2009, page 540):“Dictyostelium discoideum […] Furthermore, primarily living in leaf litter 
and never having been isolated from heated water systems, Dictyostelium (and most slime 
moulds) is most likely not significant in terms of Legionella multiplication and control”. 
 
6.1.4 Comparing Cultivation and In Situ Hybridisation 
Cultivated L. pneumophila concentrations did not correlate with any other parameter. 
L. pneumophila, based on CARD-FISH detection correlated however with culturable 
Legionella species if the value of the 8th of May is considered as an outlier. This is 
justified, as BSP levels support the low cultivation results. A correlation between 
these two parameters is not surprising, as the hrp-probe was not applied with a 
Legionella competitor. As demonstrated in the chapter 3.3.3 Specificity with and 
without Competitor, the probe is not entirely specific and very likely has bound to 
other Legionella species. The cultivation method for L. pneumophila has its biases. Its 
greatest bias is the potential of giving false negative results due to VBNC states. In 
this study an average of 1.65% of all detected Legionella cells by CARD-FISH (mean: 
531298 cells L-1) was culturable (mean: 8765 cfu L-1). 
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So, even though the probe might not be fully specific for L. pneumophila it definitely 
detects more VBNC Legionella species. 
6.1.5 Legionella and the microbial community 
 
Comparing the cultivation results of L. pneumophila with Legionella spp., the values 
showed an interesting tendency. When low concentrations of Legionellae were 
present in the samples, cultures mainly consisted of L. pneumophila. When high 
concentrations of Legionellae occurred during seasonal development, only few L. 
pneumophila colonies could be detected. This indicates that other Legionella species 
adapt better to changing environmental conditions in comparison to L. pneumophila. 
Legionella spp. and L. pneumophila (CARD-FISH) correlated significantly with HPC22 
and BSP. Hence, it can be deduced, that Legionella species developed in accordance 
with the majority of the bacterial population. Highly significant correlations between 
BSP and t. BN indicate that the majority of the bacterial population, of which only 
0.03% could be cultured by HPC, was active.  
The question if L. pneumophila growth is influenced by other bacterial organisms 
remains unclear as cultivated L. pneumophila did not correlate with other parameters 
and the CARD-FISH probe was not fully specific. 
Having found no hot spot of L. pneumophila within the system, Legionella species were 
dispersed evenly within the system. As mentioned above, chlorine was washed out 
of the system within one hour. So, the water proceeded through the system quickly 
and allowed even dispersal. Another explanation is that without efficient 
disinfection, favourable conditions are encountered at all sampling points. 
Nonetheless it must be mentioned that hot spots within the biofilm could not be 
measured with the given methods. So it is possible that hot spots do exist within the 
microhabitat of biofilms. 
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6.2 Cooling Tower System B 
 
6.2.1 Effective Disinfection 
The water in the cooling system of hospital B had a massive concentration of L. 
pneumophila and Legionella spp. in September 2008. Obtaining these results, 
disinfection measures were taken with vehemence in spring 2009, when the cooling 
system was turned on after winter break. The system was firstly treated with shock 
decontamination, followed by a readjustment of biocide product and dose. The 
positive effect that these measures achieved can be seen, when focusing on culturable 
Legionella spp. and L. pneumophila results. Both were not detectable via cultivation 
throughout the study period. There is a close link between biocide levels as listed in 
Table 7, BSP, t. BN and HPC values, demonstrating, that biocide is the main effector 
determining bacterial growth in this system. There is also a tight connection between 
biocide levels and amoeba diversity. Even though the results showed that the biocide 
regime overrules all parameters, human pathogens as L. pneumophila (CARD-FISH), 
Acanthamoeba, and Hartmannella were found in the system. 
 
Biocide free periods, as the technical defect on the 6th of July proved that biocide 
effectively suppresses bacterial growth, but also showed that a bacterial population 
was alive and quickly resumed high activity under favourable conditions.  
 
6.2.2 Biocide, BSP and total Bacterial Numbers 
Biocide dose was varied on purpose several times throughout the study period as 
shown in Table 7. Additionally, there had been a drop out due to a technical defect 
on the 6th of July, and a standstill around the 19th of October. 
Whenever the biocide dose, operated or due to a default, changed, the microbial 
population reacted accordingly. Bacterial secondary production in particular 
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reflected very accurately the pattern of biocide addition. As many other bacterial 
parameters like t. BN and heterotrophic plate counts correlate significantly with BSP, 
the latter was regarded as an indicator demonstrating how strong the negative 
impact of biocide on the bacteria in this system was. Interestingly, it can be seen that 
BSP values did not stagnate after the biocide level had been adjusted. In the periods 
of 2 L d-1 and 4 L d-1, BSP began to rise steadily. An explanation could be that after an 
initial shock the bacterial population adapts and the more biocide resistant bacteria 
begin to recuperate and steadily reoccupy the system.  
As L. pneumophila measured by CARD-FISH correlates significantly with HPC and 
HPCs correlate highly significant with t. BN and BSP (Table 14), there is a clear 
reaction of L. pneumophila to biocide levels.  
 
 
6.2.3 Biocide Free Period 
The biocide free period was a very interesting phase of the study, as the organisms 
were without control from chemicals and all subsequent processes were due to 
internal biological interactions. The data showed that after an initial boost the 
bacterial secondary production decreased steadily during the period without biocide 
use.  
An explanation could be that there was a shift in the microbial population. It is 
possible, that the population of organisms that feed on bacteria (grazers, filter-
feeders) steadily grew in this period, which in return reduced the bacterial 
abundance by top down control. There is unfortunately no quantitative data on 
protozoa to support this theory. 
Phosphorus can become the limiting nutrient for bacterial growth in drinking water 
supply systems (Miettinen et al., 1997). Because the cooling tower system is 
continuously fed with drinking water, the idea was to limit phosphorus within the 
system so drastically that bacteria slowly would begin to starve. This would not only 
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have been a very cost reducing measurement, but also a very eco-friendly alternative 
to biocide addition. Orthophosphate levels which would be limiting for bacteria 
would need to lie below 1 mg m3 (Lehtola et al. 2002). In this system however, the 
minimum amount of phosphorus achieved was 10 mg m3.  
The experiment showed that phosphorus reduction was not able to replace biocide 
treatment in this cooling tower system. But it could be very effective as an additional 
measure. After biocide disinfection was switched on in addition to phosphorus 
reduction, BSP sank to the lowest measured value and FLA could be detected at one 
sampling point only.  
 
6.2.4 Comparing Cultivation and In Situ Hybridisation  
As already mentioned, neither L. pneumophila nor Legionella species could be detected 
via cultivation. CARD-FISH results showed that L. pneumophila were present and also 
increased and decreased according to biocide application. From the probe specificity 
tests in chapter 3.3.3 however, we know that the probe is not entirely specific for L. 
pneumophila. So it is very likely that not only L. pneumophila were detected with 
CARD-FISH, but also other Legionella species.  
The course of variation is displayed in the significant correlation with HPCs as listed 
in Table 14. So it can be deduced that Legionella species are present, actively growing 
and biocide addition is one factor impeding their growth on agar plates. 
Interestingly, Legionella species were not culturable during the two month period 
where no disinfection took place either. It is very likely, that biocide residues have 
long lasting effects on the ability of Legionella spp. to form colonies on agar plates. 
The comparison between CARD-FISH and cultivation shows very clearly, that 
Legionella are present and that they are in a viable but non culturable state. So, in this 
study, the cultivation tests for L. pneumophila and Legionella species gave false 
negative results. 
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6.2.5 Legionella and HPC 
There was a significant correlation between L. pneumophila and HPC, if the value of 
the 14th of April is considered as an outlier as seen in Table 14, which does not 
demonstrate the usual conditions within the system. This is justified, as at the 
beginning of April the whole system was treated with an aggressive chemical 
disinfectant. So, it is not surprising that HPCs reflect the after-effects and microscopic 
counts do not. It is very likely, that bacterial cells were still inactive and showed 
impeded growth on agar plates.  
On one hand, the correlation shows that the probe is not specifically binding to L. 
pneumophila. So, CARD-FISH detected Legionella species rather than L. pneumophila.  
On the other hand, it can be concluded from the correlation results (Table 14) that 
Legionella species and the bacterial population follow a similar seasonal development. 
 
6.2.6 Legionella and Amoeba 
 
The data on amoeba gave very good insight on the efficiency of the disinfection 
regime. On the 23rd of June, Acanthamoeba could be detected the last time as shown in 
Figure 18. This was at a time were biocide dosage was at 4 L d-1. Until the next 
sampling dates on the 6th and the 21st of July, the biocide dose had changed. Around 
the 6th of July a technical defect inhibited biocide dosage and on the 21st of July the 
biocide addition was turned off as planned and phosphorus precipitation was 
applied. Acanthamoeba is known to form very resistant cysts (Leitsch et al., 2010) and 
is able to live at the most adverse conditions in comparison to the other FLAs.  
Myzetozoa on the other hand do not form as resistant cysts but are quick to conquer 
new habitats, if conditions are favourable. After the 6th of July, after biocide addition 
was switched off, no Acanthamoeba but a variety of other free living amoeba, mainly 
Mycetozoa, Vahlkampfia and Hartmannella could be detected. Hence, it can be 
concluded that before biocide addition was switched off; only Acanthamoeba had 
100 
 
good chances to survive. Once disinfection was stopped, other FLAs as Mycetozoa 
took the opportunity and became more frequent. Data suggests that during the phase 
without disinfection, other free living amoebae are more competitive than 
Acanthamoeba and supplant them.  
 
In addition, statistical analysis showed that there was a significant correlation (p < 
0.01 **) between the amoeba prevalence and Legionellae abundance. A Mann-Whitney 
test showed, that if amoeba were present within the system the quantity of Legionella 
species cells was usually high. 
Like in cooling system A, Dictyostelium discoideum could be isolated from cooling 
system B as shown in Table 18. Taylor et al. (2009) state that though this slime mould 
was shown to be a potential host for L. pneumophila in cocultivation results, it is not 
relevant as host in warm water systems as it is a cold water preferring organism. In 
this study Dictyostelium discoideum could be detected in two separate systems with 
very different disinfection regimes and hence should be considered as a relevant 
potential host. 
 
6.2.7 Pseudomonas Aeruginosa 
Little is known about the structure of the total bacterial population, neither its 
diversity nor the abundance of the different taxa. It is however obvious that there is 
competition for nutrients among the different bacteria. Additionally, it can be 
assumed that competition and predation affect species differently. 
The human pathogen Pseudomonas aeruginosa is one example for this. Even though 
the human pathogen Pseudomonas was not of main interest during this study, its 
abundance was measured after typical Pseudomonas colonies started to overgrow the 
HPC plates. The results in Table 18 showed that, in spite of a general decrease of the 
total bacterial numbers given Figure 12 during the biocide free period and 
phosphorus reduction, Pseudomonas aeruginosa managed to grow.  
101 
 
6.3 Cultivation and the VBNC state 
 
The molecular method CARD-FISH detected Legionella species in the cooling system A 
as well as in cooling system B. The probe, as applied, might not be fully specific for L. 
pneumophila but it detected Legionella species which were active and responded to 
changing conditions in the environment as indicated by correlations with BSP and 
HPC. 
The cultivation method on the other hand, gave false negative results for cooling 
system B. Furthermore, detecting – on average- only 1.65% of Legionella species with 
cultivation in comparison to CARD-FISH in cooling system A demonstrates a 
cultivation bias and displays the problem that cultivation is unable to detect species 
in the VBNC state. Mortiz et al. (2010) and Dusserre et al. (2008) encountered the 
same difficulties of not detecting VBNC states of L. pneumophila with standard 
cultivation. Rowan et al. (2004) described the general problem of human pathogens 
in the VBNC state and suggested making use of molecular methods along with 
modern bioinformatics.  
“It is important that we holistically harness the tremendous wealth of information that is 
steadily becoming available in the fields of microbial genomics and proteomics, and that we 
continue to make strides to expedite the speed and quality of data interpretation by utilising 
combatant advances in information and computer technologies.“ (Rowan et al., 2004) 
From these results it can be concluded, that another method along with the standard 
method has to be applied in order to yield reliable results. 
Other methods for L. pneumophila detection are compared in Dusserre et al. (2008) 
and include PCR, immunodetection with antigens (Dusserre et al, 2008; Füchslin et 
al. 2010) and fluorescent viability labelling. The latter detects specifically living cells.  
Time-consuming microscopic counting could be replaced by enumeration equipment 
as solidphase or flow cytometry. This would not only speed up enumeration a lot but 
could also reduce the detection limit to a few cells per filter volume (solid phase 
cytometry). 
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6.4 Legionella and the bacterial community 
 
In cooling system A the cultivation results indicated that other Legionella species 
adapt better to changing environmental conditions in comparison to L. pneumophila. 
In contrast, Wéry et al. (2008) could demonstrate that before L. pneumophila 
proliferation a high diversity of Legionella species occurred. This diversity was 
reduced to L. pneumophila and L. fallonii after L. pneumophila proliferation. This might 
be dependent on the amoeba in the environment. Neumeister et al. (1997) showed for 
example that not all Legionella species could replicate in Acanthamoeba castellanii 
equally well and subdivided them into 7 clusters. 
In addition, Wéry et al. (2008) could not show that the development of the dominant 
bacteria correlated with Legionella species. Here again, our results showed the 
opposite. In both cooling tower systems the observed patterns indicated clearly, that 
Legionella species reacted in a similar way to changes in the environment as the gross 
bacterial population.  
Cocultivation results between L. pneumophila and other bacterial species showed 
inhibitory and stimulating effects on L. pneumophila growth (Toze et al., 1990; Erdem 
et al., 2008). Toze et al. (1990) found that 16-32% of the examined heterotrophic 
bacteria had an inhibitory effect on L. pneumophila. Hence, analysing the bacterial 
diversity and structure in situ by microarray and FISH could give further insight on 
L. pneumophila proliferation in the environment. 
 
6.5 Cooling Tower System Management 
Bentham & Broadbent (1993) stated that Legionella outbreaks occur mostly in autumn, 
due to irregular operating of cooling towers. As ambient temperatures decrease, the 
cooling tower system is frequently shut down. Brundrett (1992) explains that during 
this period of shutdown biofilms suffocate and start to detach from surfaces. On 
warm autumn days, when the system is turned on, biofilm pieces are dispersed in 
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the system from which Legionella recuperate quickly. In addition, Addiss et al. (1989) 
describes that in autumn less sunlight intensity and a higher relative humidity 
accounts for longer aerosol viability and that fanning increases aerosol generation as 
well. 
So cooling tower operators should pass on to continuous operation during the late 
summer and autumn season, independent of ambient temperatures. In addition, the 
use of fanning should be reduced in autumn. Moreover the comparison of cooling 
tower system A and B shows that a continuous biocide dosage throughout the day is 
preferable to high but short term disinfection. Phosphorus precipitation was not able 
to replace disinfection, but it is a helpful complementary measure to reduce nutrient 
levels within the system. 
Moritz et al. (2010) could show with drinking water experiments that not all pipe 
materials are colonized equally well. Pseudomonas aeruginosa and L. pneumophila 
showed a preference for inhabiting biofilms on EPDM and plastics like Pe-X and 
were found least on copper pipes. So focusing on biofouling, the use of copper pipes 
is preferable over plastic materials. 
Even though the data for amoeba was not quantitative, a variety of Acanthamoeba 
species and other free living amoeba were detected in both cooling tower systems. 
Some of them as Acanthamoeba castellanii and Hartmannella vermiformis are even 
human pathogens. In order to target amoeba specifically, Taylor et al. (2009) 
suggested using separate disinfection treatments. Concentrating on L. pneumophila 
disinfection, Lammertyn et al. (2007) were the first to find bacteriophages specific for 
L. pneumophila. Hence it has been proposed to add these bacteriophages to the 
biofilms, in order to infect the Legionella population. However it has to be said, that 
installing different operation mechanics is probably more reasonable, than adding 
infectious particles to the systems, which will finally end up in rivers and lakes. 
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7  Conclusion 
In conclusion it can be said, that though being disinfected on a daily base, both 
cooling tower systems contained Legionella species, which could be detected by 
CARD-FISH. In cooling tower system A the disinfection regime is not optimized for 
the system. The disinfecting reagent is washed out of the system too quickly to have 
a negative impact on the bacterial community. In cooling system B on the other hand, 
the proper disinfection regime is able to reduce Legionella species cells to a value 
below CARD-FISH detection limit. The best regime showed to be continuous 
operation and adding 4 L of biocide per day along with phosphorus precipitation. 
In addition it has to be emphasized that both cooling tower systems contained 
protozoa, like Acanthamoeba and Hartmannella vermiformis, which are human 
pathogens, apart from being preferred host for Legionella pneumophila. So it is worth 
considering disinfection measures, which affect protozoa in particular. 
The standard cultivation methods used for quantification of Legionella species and L. 
pneumophila were unable to detect Legionella species in cooling system B, and greatly 
underestimated the amount of Legionella species in cooling tower system A. As the 
cultivation method is the standard to detect and enumerate Legionella species from 
potential infection sources, it becomes obvious that potential sources might be 
overlooked and in consequence are not being treated, due to false negative results. 
It is of great importance to make use of the extensive variety of molecular methods, 
which have become more and more elaborate it the last decades. Focusing on 
Fluorescence In Situ Hybridisation, it is highly recommended to test each probe for 
specificity and stringency before use. A perfectly established protocol might not be 
fully suitable for every environmental sample. There are immense possibilities 
provided by online databases and websites, which offer great tools to identify 
potential organisms which are likely to unspecifically bind to your probe and help 
designing new probes, competitor probes or helperprobes. 
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9 Zusammenfassung 
Legionella pneumophila ist ein ubiquitäres aquatisches Bakterium, das bei Menschen 
Infektionen der Lunge hervorrufen kann, wenn es als Aerosol eingeatmet wird. 
Nasse Kühlturmsysteme wurden als eine der häufigsten Quellen für Infektionen 
identifiziert. L. pneumophila kann in einem lebensfähigem aber nicht kultivierbarem 
Stadium (VBNC) auftreten, in dem es auch für lange Zeit in Biofilmen überdauert. L 
pneumophila ist in der Lage sich als intrazellulärer Parasit in Amöben sowie in 
Säugetier Makrophagen zu vermehren. Das Eindringen in eine vegetative Amöben 
Wirtszelle oder Amoebenzyste ermöglicht es L. pneumophila auch ungünstige 
Umweltbedingungen zu überstehen.  Die Wirte dienen gleichzeitig als 
Transportvehikel. 
Die vorliegende Studie untersucht die saisonale Entwicklung von L. pneumophila und 
inkludiert chemische sowie weitere mikrobiologische Parameter wie etwa Amöben, 
bakterielle Sekundärproduktion, Koloniezahlen heterotropher Bakterien (HPC) und 
Gesamtbakterienzellzahl. Untersucht wurden nasse Kühlturmsysteme zweier 
österreichischer Spitäler. Da die Standard Detektionsmethode (Kultivierung nach 
ISO 1173:1998) L. pneumophila im VBNC Stadium nicht detektieren kann, wurde 
Fluoreszenz In Situ Hybridisation (CARD-FISH) gemeinsam mit der Kultivierung für 
die Quantifizierung von L. pneumophila verwendet. Ziel dieser Arbeit war es die 
beiden Detektionsmethoden miteinander zu vergleichen und saisonale Muster zu 
erkennen, die zur Legionellen Proliferation führen. 
Die Ergebnisse zeigten, dass beide Kühlturmsysteme L. pneumophila enthielten. In 
einem Kühlturmsystem war mittels Kultivierung keine Detektion von Legionellen 
möglich, obwohl mit CARD-FISH im Schnitt 2,29 × 105 Zellen L-1 an Legionellen 
nachgewiesen werden konnten. Im anderen Kühlturm wurden lediglich 1,62% der 
mittels CARD-FISH detektierten Legionellen auch per Kultivierung entdeckt. 
Außerdem wurden signifikante Korrelationen zwischen Legionella Abundanz und 
den übrigen bakteriellen Parametern gefunden. Dies lässt vermuten, dass die 
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Legionellen wie die Mehrheit der bakteriellen Population auf Umweltveränderungen 
reagierten. Weiters zeigte sich, dass die Legionellen Abundanz signifikant höher war, 
wenn Amöben nachgewiesen werden konnten. Da in beiden Kühlturmsystemen 
auch humanpathogene Amöben wie Acanthamoeba und Hartmannella vermiformis 
isoliert werden konnten, impliziert die vorliegende Arbeit, dass zusätzliche 
Desinfektionsmaßnahmen, die insbesondere auf Protozoen abzielen, in Erwägung 
gezogen werden sollten.  
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10 Appendix 
10.1 Data of Cooling Tower System A and B 
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Table 17 Collected data for Cooling System A: < d.l.:  below detection limit; n.d.: not detected 
Date Amoeba Acanthamoeba other FLA Temp. BSP L pneumophila L pneumophila Legionella spp. 
      CARD-FISH ISO11731:1998 ISO11731:1998 
  [present]     [°C] [ng C L-1 h-1] [cells L-1] [cfu 100 ml -1] [cfu 100 ml-1] 
21.04.2009 yes  Hartmannella 18.8   n.d. 130 
21.04.2009 yes  Mycetozoa 19   45 220 
21.04.2009 yes  Mycetozoa 18.7   n.d < 35 
21.04.2009 yes A. castellanii (II, T4) Hartmannella 18.8     < 35 240 
08.05.2009 yes A. castellanii (II)  19.2 732 2216500 n.d < 35 
08.05.2009 yes   Mycetozoa 20.2 449 1523500 < 35 < 35 
29.05.2009 yes A. castellanii (II) Hartmannella 18.9 96 < d.l. < 35 220 
29.05.2009 yes   Echinamoeba, Mycetozoa 18.9 133 < d.l. < 35 180 
16.06.2009 no   19 1441 138600 n.d 1300 
16.06.2009 no   19.7 1713 69300 n.d 1800 
16.06.2009 no     24.8 2086 138600 n.d 1400 
14.07.2009 yes  Dictyostelium discoideum 26.5 746 311461 n.d 2300 
14.07.2009 yes A. castellanii (II) Thekamoeba similis, Vahlkampfia 26.6 618 630000 n.d 2100 
14.07.2009 yes A. castellanii (II) Mycetozoa 26.5 727 409500 < 35 1000 
14.07.2009 yes A. hatchetti (II, T4) Mycetozoa 26.3 683 1108800 < 35 2200 
14.07.2009 yes A. castellanii (II) Hartmannella, Mycetozoa 26.6 730 381150 n.d 1800 
14.07.2009 yes   Mycetozoa 35.5 819 1004850 n.d 1600 
30.07.2009 yes  not typed 21.1 65 155925 40 840 
30.07.2009 yes A. hatchetti (II, T4)  20.4 97 38500 < 35 580 
30.07.2009 yes   Mycetozoa 27.5 50 54711 < 35 800 
27.08.2009 yes  Mycetozoa 22.2 356 138600 < 35 1400 
27.08.2009 yes  Mycetozoa 21.5 321 173250 50 610 
27.08.2009 yes   not typed 29.4 341 294525 190 3600 
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Table 18 Collected Data for Cooling System B: < d.l.:  below detection limit; n.d.: not detected 
Date Amoeba Acanthamoeba other FLAs Pseudomonas aeruginosa  L. pneumophila L. pneumophila Legionella spp. 
    ISO 16266:2006 CARD-FISH ISO11731:1998 ISO11731:1998 
  [present]     [cfi 100 ml-1] [cells L-1]   [cfu 100 ml-1] [cfu100 ml-1] 
14.04.2009 no    6.35E+05 n.d. n.d. 
14.04.2009 yes   Hartmannella, Mycetozoa   6.15E+05 n.d. n.d. 
05.05.2009 no    2.24E+06 n.d. n.d. 
05.05.2009 no    2.77E+06 n.d. n.d. 
05.05.2009 no    3.81E+05 n.d. n.d. 
05.05.2009 yes A. castellanii (II, T4) Echinamoeba  2.17E+05 n.d. n.d. 
05.05.2009 yes  not typed  3.29E+05 n.d. n.d. 
05.05.2009 yes A. castellanii (II)     2.44E+06 n.d. n.d. 
20.05.2009 no    1.56E+06 n.d. n.d. 
20.05.2009 yes A. castellanii (II)   4.85E+05 n.d. n.d. 
20.05.2009 no    1.39E+05 n.d. n.d. 
20.05.2009 yes  Hartmannella, Mycetozoa  8.49E+05 n.d. n.d. 
20.05.2009 no    1.56E+05 n.d. n.d. 
20.05.2009 no       7.10E+05 n.d. n.d. 
10.06.2009 no    < d. l. n.d. n.d. 
10.06.2009 yes A. triangularis (II, T4)   < d. l. n.d. n.d. 
10.06.2009 yes A. castellanii (II)   < d. l. n.d. n.d. 
10.06.2009 no     n.d. n.d. 
10.06.2009 yes A. castellanii (II) Echinamoeba  < d. l. n.d. n.d. 
10.06.2009 yes A. hatchetti (II, T4) Echinamoeba   < d. l. n.d. n.d. 
23.06.2009 yes A. castellanii (II)   2.31E+04 n.d. n.d. 
23.06.2009 yes  Mycetozoa  < d. l. n.d. n.d. 
23.06.2009 yes A. triangularis (II, T4)   < d. l. n.d. n.d. 
23.06.2009 no       1.16E+04 n.d. n.d. 
06.07.2009 yes  Hartmannella, Flamella  < d. l. n.d. n.d. 
06.07.2009 yes  Vahlkampfia, Mycetozoa  < d. l. n.d. n.d. 
06.07.2009 yes  Mycetozoa  2.31E+04 n.d. n.d. 
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Date Amoeba Acanthamoeba other FLAs Pseudomonas aeruginosa  L. pneumophila L. pneumophila Legionella spp. 
  [present]     [cells 100 ml-1] [cells  l-1] [cells 100 ml-1] [cells 100 ml-1] 
06.07.2009 yes   Hartmannella   < d. l. n.d. n.d. 
21.07.2009 yes  Vahlkampfia, Mycetozoa  5.20E+04 n.d. n.d. 
21.07.2009 yes  Hartmannella, Mycetozoa  3.47E+04 n.d. n.d. 
21.07.2009 yes  Mycetozoa  1.39E+05 n.d. n.d. 
21.07.2009 yes   Mycetozoa   8.66E+04 n.d. n.d. 
29.07.2009 yes  Hartmannella, Dictyostelium discoideum  < d. l. n.d. n.d. 
29.07.2009 yes  Mycetozoa  < d. l. n.d. n.d. 
29.07.2009 yes  Mycetozoa  < d. l. n.d. n.d. 
29.07.2009 yes   Mycetozoa   < d. l. n.d. n.d. 
11.08.2009 yes  Vahlkampfia, Mycetozoa  3.47E+04 n.d. n.d. 
11.08.2009 yes  Mycetozoa  < d. l. n.d. n.d. 
11.08.2009 yes  Mycetozoa  3.47E+04 n.d. n.d. 
11.08.2009 yes   Vahlkampfia   5.20E+04 n.d. n.d. 
26.08.2009 yes  Vahlkampfia 4300 < d. l. n.d. n.d. 
26.08.2009 yes  Hartmannella, Dictyostelium discoideum 2700 3.47E+04 n.d. n.d. 
26.08.2009 yes  not typed 3300 < d. l. n.d. n.d. 
26.08.2009 yes   Vahlkampfia 3800 < d. l. n.d. n.d. 
15.09.2009 yes  Vahlkampfia 870 2.31E+04 n.d. n.d. 
15.09.2009 yes  Vahlkampfia, Mycetozoa 3000 2.31E+04 n.d. n.d. 
15.09.2009 yes  Hartmannella, Mycetozoa 1600 3.47E+04 n.d. n.d. 
15.09.2009 yes   Hartmannella 4200 < d. l. n.d. n.d. 
30.09.2009 no   >30000 3.47E+04 n.d. n.d. 
30.09.2009 no   >30000 < d. l. n.d. n.d. 
30.09.2009 yes  Mycetozoa >30000 3.47E+04 n.d. n.d. 
30.09.2009 no     >30000 < d. l. n.d. n.d. 
21.10.2009 no   >30000 1.39E+05 n.d. n.d. 
21.10.2009 no   >30000 3.47E+04 n.d. n.d. 
21.10.2009 yes  Hartmannella, Mycetozoa >30000 1.04E+05 n.d. n.d. 
21.10.2009 no     >30000 1.21E+05 n.d. n.d. 
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10.3 Glossary 
 
AO……….Acridine Orange dye 
BSP……..Bacterial Secondary Production 
CARD-FISH…..Fluorescence In Situ Hybridisation 
CF ……..CARD-FISH 
cfu ……….colony forming unit 
DAPI……..a dye 
FISH ……..Fluorescence In Situ Hybridisation 
FLA…….Free Living Amoeba 
HPC…. Heterotrophic Plate Counts 
t. BN…….Total Bacterial Numbers 
VBNC….Viable but non Culturable 
 
 
Acridine Orange (AO) 
  is a dye and a method to stain all bacterial cells in a sample 
Bacterial Secondary Production (BSP) 
 a method to radioactively label the assimilation of proteins into the bacterial 
cells; an activity parameter; given in g Carbon / l/ h 
CARD-FISH (Catalysed reporter Deposition-FISH) 
 a special form of Fluorescence in Situ Hybridisation using a probe which is 
linked to the enzyme: horseradish-peroxidase. The enzyme radicalizes proteins 
within the cell. These proteins are subsequently fluorescently labelled.  
colony forming unit (cfu) 
 A measurement unit, in which the colonies of cells that form on agar plates are 
counted; colony units do not necessarily have the same size or the same abundance 
of cells 
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DAPI 
 a fluorescent dye, staining all bacterial cells in a sample: it emits in a different 
range as acridine orange 
Fluorescence In Situ Hybridisation (FISH) 
 A molecular method to fluorescently tag bacterial RNA with a probe; FISH 
and CARD-FISH are both In Situ Hybridisation Methods  
Free Living Amoeba (FLA) 
 Amoeba is a paraphyletic group. They share similarities as being single celled, 
using phagocytosis for nutrient uptake and having no defined shape. FLAs do not 
live in colonies. Despite morphological similarities they belong to very different taxa. 
Heterotrophic Plate Counts (HPC) 
 a standard cultivation method used to determine bacterial abundance; 
cultivating as many as possible colonies from an environmental sample 
probe 
 A nucleotide sequence, which is labelled, and which aligns with a determined 
sequence of bacterial RNA 
Total bacterial numbers (t. BN) 
 All bacterial cells within an environmental sample; includes dead, inactive, 
VBNC and living cells; measured with Acridine Orange staining 
Viable but Non Culturable 
 A state in which bacteria which generally are culturable on agar, cannot be cultured; 
But they are not dead or inactive as they can still assimilate and reproduce 
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